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PREFACE 



The “International Workshop on Satellite Altimetry for Geodesy, Geophysies and 
Oceanography; Summer Lecture Series and Scientific Applications” was held in 
Wuhan, China from September 8 to 13, 2002 

(http://space.cv.nctu.edu.tw/altimetrvworkshop/altimetrv.htm') . This is a joint 
workshop of International Association of Geodesy (lAG) Special Study Group (SSG) 
3.186 (chaired by C. Hwang of National Chiao Tung University) and LAG Section II 
(President: C. K. Shum of the Ohio State University), and was hosted by Wuhan 
University with J. C. Li as the chair of the local organizing committee. The scientific 
program was organized by the Scientific Committee chaired by C. Hwang. The 
objectives of the Workshop include offering lectures on various subjects of satellite 
altimetry for beginners and for advanced researchers, and to provide a forum for 
presentations and discussions of contemporary results in altimetric research. A total of 
60 abstracts were received and 65 people participated in this workshop. These 
participants are from Austria (2), Australia (1), Canada (1), China (26), Czech 
Republic (1), Denmark (2), France (1), Germany (2), Italy (2), Japan (1), Korean (2), 
Netherlands (2), Taiwan (13), UK (1), and USA (7). On September 9 and 10, 2002, 
the following five three-hours lectures were delivered: 

Lecture 1 : Principles of satellite altimetry and application to sea level change studies, 
by C. K. Shum, Ohio State University, USA 
Lecture 2: Ocean tide modeling with altimetry and geodetic applications, by Kato 
Matsumoto, National Astronomical Observatory, Japan 
Lecture 3: Marine gravity and geoid from multi-satellite altimetry and applications, 
O.B. Andersen, National Survey and Cadastre, Denmark 
Lecture 4: Altimeter waveform retracking for land/ocean use, by P. Berry, De 
Montfort University, UK 

Lecture 5: Bathymetry estimation from altimetry, by D. T. Sandwell, Scripps Inst, of 
Oceanography, USA 

On September 11-13, 8 scientific Sessions were held, including G1 (chaired by C. 
Zhao), G2 (W. Bosch), G3 (E. L. Mathers), GOl (H. Schuh), G02 (J. Klokocnik), 
G03 (C. Hwang), 01 (C. Zuffada) and 02 (H. Z. Xu). A total of 37 papers were 
presented. During these sessions, three keynote speeches were delivered: 

Speech 1 : Geodetic application of satellite altimetry W. Bosch, DGFI, Germany 
Speech 2: Present-day sea level change: Observations from satellite altimetry and tide 
gauge, by A. Cazenave 

Speech 3: Advances in ocean dynamics from satellite altimetry, by L.L. Fu 



This proceedings volume contains 30 peer reviewed papers and 3 keynote speeches. 
We thank all the reviewers for their hard work. Because of concern of anonymity, 
their names are not shown here. We acknowledge the careful copy editing work of the 
volume conducted by S. Y.Yang, Y. S. Hsiao, H.Y. Hsu, Y.S. Lee, C. C. Lu and S.C. 
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Geodetic Application of Satellite Altimetry 



Wolfgang Bosch 

Deutsches GeodMsches Forschungsinstitut, Miinchen, Germany. 
bosch@dgfi.badw.de 



Abstract. Satellite altimetry has developed to an 
operational remote sensing technique with 
important applications to many geosciences. In 
the present paper we consider in particular geodetic 
applications of satellite altimetry. It is shown that 
this space technique not only allows mapping and 
monitoring a major part of the Earth surface, but 
also did contribute to essential improvements for 
the Earth gravity field. Even with the new dedicated 
gravity field missions of CHAMP, GRACE and 
GOCE satellite altimetry will be needed for the 
determination of the high-resolution gravity field. 
The mean sea level can be mapped and monitored 
for seasonal and secular changes through the 
combination of altimeter mission with different 
space-time sampling. The realisation of the global 
mean sea surface will help to unify national height 
systems, to clarify local sea level trends visible in 
tide gauge records and contribute to studies on the 
global sea level rise, the most prominent indicator 
of global change. 

Keywords. Satellite altimetry, mean sea surface, 
gravity anomalies. Earth gravity field, Geoid, height 
systems. 



1 Introduction 

Geodesy deals with the surveying and mapping of 
the figure of the Earth. This includes the 
determination of the Earth gravity field. Soon after 
the first artificial satellites geodesy developed and 
applied new, space based technologies that allowed 
to overcome the limitation of terrestrial 
measurements. Today, global navigation systems 
like GPS and GLONASS (later GALILEO) have 
become standard tools for precise point positioning 
and the precise orbit determination of low orbiting 
satellites used to monitor the Earth surface (e.g. 
satellites carrying altimeter sensors). 

The last few decades satellite altimetry has 
developed to an operational remote sensing 
technique with extremely important application to 
Earth sciences. The precise, fast, and nearly global 
monitoring of the ocean surface is - of course - an 
essential source for any research on ocean dynamics. 



There is a similar impact of satellite altimetry to 
geodesy. This technique contributes essentially to 
the solution of fundamental geodetic problems: 
mapping of the figure of the Earth, determination of 
the Earth gravity field, unification of height systems, 
and information about the rotation and orientation 
of the Earth. The altimeter mission history (See Fig. 

1) provides a considerable number of missions with 
different orbit configuration and sampling 
characteristics that support many geodetic 
applications. The present keynote tries to give an 
overview to geodetic application of satellite 
altimetry. 

2 Mapping of the Sea Surface 

More than two third of the Earth surface is covered 
by oceans. A technique that allows to precisely map 
the ocean surface thus contributes essentially to the 
determination of the figure of the Earth. In the 
following a few details are described to understand 
the way that satellite altimetry is used to map the 
sea surface. 

2.1 The Space-Time Sampling 

A dedicated processing with precise orbit 
determination and a careful correction of the radar 
measurement for geophysical effects allows to 
deduce sea surface heights along the sub satellite 
track with a repetition rate of about one second (for 
details of this pre-processing we refer to Chelton et 
al. 2001). 

Due to the average speed of the altimeter satellite 
the along track sea surface heights are separated by 
about seven km. The spatial resolution of altimetry, 
however, is limited by the spacing of neighbouring 
subsatellite tracks. This spacing in turn is governed 
by the orbit, configured for most missions such that 
the subsatellite track is repeated after a fixed 
number of days, the so-called repeat cycle. 
Unfortunately, orbit dynamics does not allow to 
fulfil both, a high spatial resolution and a short 
repeat cycle. TOPEX/Poseidon repeats its ground 
tracks every 9.9156 days - the spacing of tracks at 
the equator, however, is 2.8°, about 310 km (see Fig. 

2 ) . 
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Fig. 1 Altimeter mission history 




Fig. 2 The geographical coverage and subsatellite track pattern 
of TOPEX/Poseidon 
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Fig. 3 Subsatellite tracks for the repeat missions 
TOPEX/Poseidon, ERS-1/2 (35 day) and Geosat/GFO in the area 
of the Caribbean Sea 



The ground tracks of the 35-day repeat cycles of 
ERS-1/2 are separated by only 80 km. The spatial 
sampling of Geosat and GFO, both with a 17-day 
repeat cycle, is in between (165 km track 
separation). Fig. 3 demonstrates the improved 
spatial resolution that can be achieved by the 
combination of altimeter missions with different 
repeat orbit configurations. 

An even better spatial resolution was obtained by 
the Geosat geodetic mission (GM) and the geodetic 
phase of ERS-1 with two 168-day repeat cycles. Fig. 
4 demonstrates the sea surface heights 
measurements of these geodetic missions for a 
small sub area of 2°x3°. 

The radar measurement itself is not a point 
measurement but a mean value for the so-called 
footprint, that part of the sea surface from which 
reflected radar pulse were received. The size of this 
footprint depends on the instantaneous wave height 
and its radius varies between about 2-1 1km. 

2.2 Mean Sea Surface Models 

The mapping of the sea surface is the most obvious 
geodetic application. In particular the 




Fig. 4 A 2°x3° sub area showing not only measurements of the 
repeat missions but also the sampling due to the non-repeat 
geodetic missions of ERS-1 and Geosat. 



geodetic missions provide a spatial resolution that 
allows to estimate mean sea surface heights on a 
2’x2’ grid. Most of the mean sea surface height 
models developed in the last decade are listed in 
Table 1. 

For the two most recent models, CLSOl and 
GSFCOO.l, we summarize the slightly different 
processing strategies. Hernandez and Schaeffer 
(2001) basically applied a statistical approach to 
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l able L Global models of th& mean sea surface - possibly incomplete results of the last decade 



Model 


Missions 


Latitude 


Resolution 


Reference 


MSS93A 


Geosat, ERS-1 


80"S-80“N 




Anzenhofer & Gruber (1995) 


MSS95A 


TOPEX/Poseidon, ERS-1 


80“S-80"N 


TxT 


Anzenhofer et al. (1996) 


OSU-MSS 


TOPEX/Poseidon, ERS-1, Geosat 






Yi(1995) 


MSS GRGS 
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nistic approach was applied: 

1 . Harmonization of multi-mission altimeter data 
(Pathfinder Projekt, Koblinsky et al., 1999) 

2. Sea surface height profiles of all missions 
averaged to mean tracks. 

3. Non-TOPEX/Poseidon missions adjusted to 
six years of TOPEX/Poseidon (cycles Oil - 
232) 

4. Sea surface height difference used for geodetic 
phases of Geosat and ERS-1. 

5. Least squares adjustment of two-dimensional 
Fourier series in 2°x2° cells. 

6. Fourier series evaluated for the 2’x2’ grid. 
Note, both models were based on a careful harmoni- 
sation of data and took special care on the way to 
relate the geodetic mission data to the long-term 
average of TOPEX/Poseidon. Fig. 5 illustrates the 
small-scale features of the mean sea surface 
resolved by CLSOl. 



determine CLSOl: 

1. Multi-mission altimeter data (CORSSH), as 
harmonized by CLS AVISO 

2. ERS-1 data corrected from ocean variability 
by “optimal analysis” 

3. Sea level anomalies referenced to TOPEX/- 
Poseidon mean profiles for the period 
1993-2000 

4. Least square collocation for a T grid with 
error covariances for altimetry and ocean 
variability noise and along-track biases 

For land areas, CLSOl was augmented by the 
EGM96 geoid and smoothed in a transition zone 
from land to sea. For the GSFCOO.l model (Wang 
2001) a more determi- 
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Fig. 5 The Mean sea surface model CLSOl (Hernandez & Schaeffer, 2001), generated from a combination of the TOPEX/Poseidon, 
ERS-1 and ERS-2 altimeter missions. The resolution of 2’x2’ allows to identify small-scale features of the sea surface that are caused by 
gravity variations of trench areas, fracture zones and mounts at the sea floor. 
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Even though these mean sea surface models 
achieve an astonishing resolution there are a few 
aspects that should be kept in mind: 

• Mean sea surface models are based on 
different data periods and are representative 
only for these periods. 

• There are large scale, low frequency changes 
of MSL in the order of 15-20 cm for time 
periods of 7-8 years (see below, Fig. 9) 

• The global MSL appears to rise by 
l-2mm/year 

• Altimeter missions neither provide global 
coverage (TOPEX/Poseidon) nor miss 
long-term stability (ERS-1/2) 

• There are large uncertainties for the inverse 
barometer correction. GSFCOO.l and CLSOl, 
for example have a mean offset of 2-3 cm, 
mainly due to a different handling of the 
inverse barometer correction. 

2.3 Seasonal Variation of the Sea Surface 

In general, the sea surface is subject to changes on a 
wide range of spatial and temporal scales. For 
geodetic applications small scale and high 
frequency changes are, however, less important. 
Therefore we focus on seasonal and secular 
variations on global scale that may have impact to 
periodic or long-term variations of the Earth gravity 
field, its centre of gravity, and the Earth rotation. 

The seasonal variation of solar radiation causes a 
rather fast heating and cooling of the upper layer 
water masses down to about 200m (the so called 
thermocline). This effect lets the sea surface fall or 
rise and is most efficiently described by harmonic 
analysis with an annual base period and some 
higher harmonics to account for a seasonal 
modulation of the annual wave. The sea surface 
height variations dhu, at node k and time k may be 
modelled by 

2 

dhik = ■ Atf + ^ cos(®pAr,. - ® ) (1) 

p=i 

where At^ = is the time difference to some 

reference epoch tyef, dj, is an additional drift term to 
account for secular changes, and are 

amplitudes and phases of period p at node k 
respectively and the angular velocity cOp may be 

set to 



C0p=—, with Tj = 365.25, T 2 = 182.625,... (2) 

The geographical distribution of amplitudes and 
phases for the most dominant annual period p=l is 
shown in Fig. 6. It is clearly visible from the phases 
that there is an oscillation between northern and 
southern hemisphere although phase shifts are 
present in a small band between 10° and 20° 
northern latitude. Also the pattern of the phases in 
the Indian ocean deviates from a simple 
hemispheric distribution. The amplitudes show 
highest values at the strong western boundary 
currents, namely the Kuroshio and the Gulf Stream 
area. On average amplitude values in the southern 
ocean are smaller. 

Because ocean surface currents are dominated by 
lateral stratified water movements (e.g. westward 
propagating Rossby waves), zonal mean values of 
sea surface heights may be in addition used to 
characterize the temporal variation of the global sea 
level. Fig. 7 shows the zonal mean values versus 
time. 

2.4 Secular Sea Level Change 

Global sea level rise is taken as the most prominent 
indicator of global change. Satellite altimetry 
appears to be predestinated to give an answer for 
the actual amount and possible acceleration of sea 
level rise. However, even after a few decades of 
altimeter missions, a sufficient long record with 
reliable long-term stability is still a problem. 
TOPEX/Poseidon just completed a decade of 
observation with the most precise orbit and 
ionospheric corrections from the two frequency 
altimeter sensor, allowing an in-situ estimation of 
the total electron content TEC (Imel 1994). 

The bias of TOPEX/Poseidon is continuously 
controlled using overflights over the Harvest oil 
platform (Christensen et al. 1994). Drifts for the 
oscillator and the onboard radiometer were detected 
and taken into account. This all justifies to use the 
TOPEX/Poseidon time series for an estimate of 
global sea level change. 

Fig. 8 shows the global mean as a function of 
time. The mean values were performed by 
weighting with cosine of latitude to account for the 
metric of the sphere. The annual oscillation is 
remarkable and not fully understood. The high 
latitude areas above/below 66° are not at all 
observed by TOPEX/Poseidon. Other components 
of the global water cycle (atmosphere, snow cover, 
or soil moisture) may at least partly compensate the 
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Fig. 6 Mean annual variation of the sea surface. The upper panel shows amplitudes (cm), the lower panel the phases (deg), relative to 
Januar 1. Amplitudes and phases below -55° are unreliable due to temporal sea ice coverage. 
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Fig. 7 temporal evolutions of zonal mean values (averages of sea surface height along a parallel) for the period October 1993 - February 
2000 derived from TOPEX/Poseidon data. The strong El Nino end of 1997 is mapped to the anomalous high average sea level (white 
colour) at latitude 0°. The following La Nina effect with low sea level at the equator and relative high sea level at about 10° North and in 
the South Pacific is also seen during the year 1998. 
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annual oscillation observed for the global mean sea 
level. The drift of +1.9 mm/year is in agreement 
with other investigations. 

It should be emphasized, however, that the 
secular evolution of the mean sea level is by no way 
uniform. Fig. 9 shows that there are large 
geographical pattern with a opposing sign for the 
mean rate of change. In the central Pacific the sea 
level has fallen by as much as 12 cm. In the 
Indonesian Seas there is a strong sea level rise of 
more than 15 cm for an eight years period. 

It is far beyond this keynote to discuss the causes 
of the observed sea level changes. There is some 
agreement that the dominant part of the observed 
changes are caused by increased heat storage and 
the thermal expansion of the upper layer water 
masses. 



3. Determination of the Earth gravity 
field 

The mean sea level approximates the geoid, that 
particular equi-potential surface of the Earth gravity 
field that should serve as global height reference 
surface. In the early days of satellite altimetry the 
nearly coincidence of sea level and geoid was used 
to improve the knowledge about the geoid which 
suffered twenty years ago from errors in the order 
of 10 m. Today, the sea level can be determined 
with a few cm accuracy. At the same time, the 
gravity field (and thus the geoid) has been 
considerably improved - in particular through 
altimetry as will be indicated in section 3.2. 
However, our present-day knowledge of the gravity 
field is still insufficient to define a cm-geoid or to 
fulfil oceanographic requirements (see below). 
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Fig. 8 Global mean value of sea level for the period 1993-2000, derived from TOPEX/Poseidon data. 
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Fig. 9 Mean annual rate of change (mm/year) for the mean sea surface, estimated from TOPEX/Poseidon data for the 
period 1993-2001. In the central Pacific sea level fell by more than 11 cm. In the Indonesian Seas there is a sea level rise 
by more than 15cm. 
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3.1 From the sea surface to the geoid 

It is well known that the mean sea surface is not 
coinciding with an equi-potential surface of the 
Earth gravity field. The deviation, called sea surface 
topography (SSTop) is caused by hydrodynamic 
processes. The SSTop is small in magnitude (only 
up to 2 m) but important for both, oceanography 
and geodesy. 

Oceanography considers the SSTop as a signal, 
because it carries the signature of the ocean surface 
currents. For geodesy, SSTop may be considered as 
a disturbance. If the ocean would be in rest and in 
equilibrium with the gravity force only, the mean 
sea surface would realize the global height 
reference surface, geodesist are looking for in order 
to connect height systems on different continents. 
Long time there were mutual expectation what 
discipline should provide a reliable and precise 
estimate of the SSTop. 

The geodetic attempts to estimate the SSTop are 
either based on a pure geometric approach (sea 
surface minus geoid) or were performed in a 
dynamic way, solving simultaneously for the 
gravity field and the SSTop. Both methods, 
however, are limited by the errors of the gravity 
field. In the open ocean, the state-of-the-art gravity 
fields, like EGM96 (Lemoine et al. 1998), still 
havegeoid errors of a few decimetres. This is 
neither sufficient to transform height datums from 
one continent to the other nor to estimate the two 
meter SSTop with a sufficient signal to noise ratio. 
FigurelO shows an estimate of the SSTop. It gives a 
qualitative correct view of the very large-scale 
structure of the SSTop dominated by subtropical 



and sub polar gyres in the ocean basins and strong 
western boundary currents. In order to derive 
reliable information about the surface currents and 
mass transports the slopes of the SSTop must be 
known, however, to a much higher precision. 

The hydrostatic and geostrophic equilibrium may 
be crude approximations of the equation of motion. 
But for most areas of the ocean they are able to give 
a quantitative right picture of the dominant part of 
the general flow. Considerable progress has been 
also achieved for the numerical modelling of ocean 
currents. These models integrate the Navier-Stokes 
differential equation and are driven by actual wind 
and pressure fields, assimilate altimeter data and 
provide a resolution down to V4 of a degree. The 
“Parallel Ocean Climate Model” POCM (Semtner 
and Chervin, 1992) and ECCO, “Estimation of the 
Circulation and Climate of the Ocean” (Stammer et 
al. 2003) are examples for sophisticated and 
expensive numerical modelling efforts. 

With the present limitations of the geoid it is 
therefore reasonable to use the altimetric sea surface 
and subtract the dynamic topography as obtained 
from oceanographic modelling in order to get an 
improved geoid. Wunsch and Stammer (2003) 
currently argue this way. 

Both, the geodetic and the oceanographic 
conununity are looking forward to dramatic geoid 
improvements that are expected from the dedicated 
gravity field missions CHAMP, GRACE and 
GOCE. Once, a cm-geoid has been achieved the 
geodetic approach may again become a valid 
procedure that allows to deduce many details of the 
surface currents. On the long term, however, the 
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Fig. 10 The EGM96 sea surface topography (Lemoine et al. 1998), estimated simultaneously with the EGM96 gravity field model. Due to 
errors of the gravity field only the large-scale structure of the topography can be derived. 
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determination of the surface currents and the 
improvements of the geoid must be considered as a 
common estimation problem (Wunsch and Stammer 
2003). 

3.2 Marine gravity anomalies 

How did altimetry contribute to gravity field 
improvements of the last decade? It is worth, to 
review this contribution, because altimetry will 
keep its role even, if there are essential 
improvements through the new gravity missions. 
It is conservative to assume that altimetry is able to 
map the mean sea surface with a spatial resolution 
of 5’x5’ (the most recent models go down to 2’x2’). 
A 5 ’x5’ -resolution corresponds to a harmonic 
degree beyond 2000! The gravity field models of 
GOCE will not go beyond degree 300. Thus the 
high frequency information of the marine gravity 
field will be further based on satellite altimetry. 

The recovery of marine gravity anomalies is 
founded on famous geometry - gravity relationships, 
expressed by the Stokes and Vening Meinesz 
formulas (Heiskanen and Moritz, 1967) 

N = (3) 

<J 

M. J_ (4) 

[77J AtiG JJ dy/ [sin^zj 

S{\i/) is the Stokes function, G gravity and the 

unit sphere. The inversion of these formulas 

allows deriving gravity anomalies either from 

the geoid or from the slopes rj of the geoid, the 

deflections of the vertical. The inversion can be 
realized either by a Fast Fourier Transform (FFT) or 
by Least Squares Collocation (LSC) technique. 
For global applications both methods are one by 
one applied to a sequence of local areas in order to 
avoid - in case of LSC - the inversion of huge 
matrices or to ensure the validity of the planar 
approximation in case of FFT. To localize the 
inversion, a remove-restore technique is applied, 
generating in advance residual quantities by 
subtracting a state-of-the art gravity field like 
EGM96. After inversion the gravity anomalies of 
this reference field are restored. 

The estimation of gravity anomalies from 
satellite altimetry was first demonstrated with 
Seasat data by Haxby et al. (1983). Numerous 
applications followed: McAdoo and Marks (1992a, 



1992b) Sandwell and Smith (1997), Hwang and 
Parsons (1998) and Anderson et al. (2000, 2001). 
Global maps, as shown in Fig. 1 1 demonstrate the 
high resolution of gravity anomalies from 
multi-mission satellite altimetry, using in particular 
the geodetic phases of Geosat and ERS-1. 

The data processing has been continuously 
improved by updated altimeter corrections, outlier 
detection, filtering and retracking of the altimeter 
data. In particular in polar areas with temporal 
coverage of sea ice a dedicated signal analysis is 
required to recover gravity anomalies (Laxon and 
McAdoo, 1994). 

A general problem in recovery anomalies from 
the geodetic missions is that the level of 
neighbouring profiles, measured at different epochs 
is considerably affected by sea level variability. The 
required slope information is thus corrupted by the 
sea level variation and would be transformed to 
noisy gravity anomalies if not special care is taken 
to account for the sea level variability. 

Thus, crossover adjustments and low-pass 
filtering, proven methods, which are applied, for the 
mapping of the mean sea surface are also required 
for the recovery of marine gravity. Indeed, a 
high-resolution mean sea surface can be considered 
as essential step towards the estimation of gravity 
anomalies. For example, gravity anomalies and 
vertical components of the gravity gradient were 
computed from GSFCOO.l (Wang 2001) by 
numerical evaluation of the inverse Stokes integral. 
Also, the multi-mission processing of Anderson et 
al. (2001) result in both, a mean sea surface and a 
detailed map of marine gravity anomalies. 

3.3 High resolution gravity field modelling 

Gravity field models derived only by rigorous least 
squares adjustment of satellite tracking data (so 
called satellite-only gravity fields) are limited in 
resolution, up to about degree and order 70. There 
are several reasons: Either high-orbiting satellites 
are insensitive to small scale anomalies of the 
gravity field or the orbits of low satellites is 
disturbed by non-gravitational forces like 
atmospheric pressure or difficult to estimate with 
only ground based tracking systems. 

The high-resolution marine and terrestrial gravity 
data can improve the situation. However, the 
combination of terrestrial gravity and satellite-only 
gravity field models is a computational problem. 
Solving by least squares the coefficients of a 
harmonic series up to degree and order 360 implies 
to invert a system with 130321 unknowns. 
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Fig. 11 Marine gravity anomalies [mGal] in the North Atlantic reflect details of the Puerto-Rico trench area, the mid- Atlantic ridge and 
many fracture zones. (Version 9.2 anomalies generated globally by Sandwell and Smith, 1997) 



Bosch (1993) showed that the normal equation 
degenerate to a block diagonal structure, if the 
surface data 

1. is organized in latitude bands with equidistant 
spacing, 

2. is complete (global coverage, no gaps), and 

3. has homogeneous weights within the latitude 
bands not depending on longitude. 

The diagonal blocks of the matrix have decreasing 
size, starting from the desired maximum degree and 
order. (See Fig. 12) Such a block-diagonal matrix is 
easy to invert. Even the combination with the 
normal equation of a satellite-only field is solvable 
if the unknown are arranged in a particular way. 
This combination strategy with a reverse sequence 
of unknown as proposed by Schuh (1996) has been 
applied for the EGM96 gravity field (Lemoine et al. 
1998) extended up to degree and order 360. 

The essential step was the construction of a 
complete, homogeneous set of 30’x30’ surface data 
combining terrestrial and marine gravity anomalies, 
the latter derived from satellite altimetry. Later on 
this data set has also been used for the GRIM5-C1 
gravity model (Gruber et al. 2000) a brut-force 



combination with full normal equation matrices for 
satellite-only and terrestrial gravity data complete to 
degree and order 120. The rigorous combination 
of terrestrial gravity data with new gravity fields 
from CHAMP, GRACE and GOCE remains an 
open issue. 

3.4 Gravity gradients 

Another simple geometry - gravity relationship is 
based on the Laplace Equation and Bruns formula 
(Rummel and Haagmanns 1991). The disturbing 
potential T fulfils 

( 5 ) 

With Bruns formula this can be transformed to 

T,,=-2Jr (6) 

showing that the gravity gradients can be derived 
from the mean curvature J of the geoid. Instead of 
the geoid the mean sea surface may be used. 
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because offsets between geoid and the sea surface not corrupt the value of /. 
have no impact and even the slopes of the SSTop do 




Fig. 12 Structure of normals for a least squares estimate of spherical harmonics combining surface gravity (dark blue) and satellite-only 
normal equations (yellow). Left hand: All unknowns are arranged primary with respect to order. The re-arrangement of unknowns 

(right hand) with the satellite-only normals, kept together, is easier to solve. 



4 Single- and Dual-Satellite Crossovers 

Whenever two subsatellite tracks cross each other it 
is possible to compare the sea surface heights 
derived from both tracks. For example, ascending 
and descending tracks of a single satellite have one 
and only one single- satellite crossover (see Fig. 13). 
Two subsatellite tracks of different missions may 
perform none, one or two dual- satellite crossovers, 
depending on the different orbit configurations, in 
particular the different inclinations of the orbital 
plane. 

The power of using crossovers is based on the 
fact that they provide redundancy: the sea surface 
height at the crossover location can be derived 
twice - by interpolating the sequence of 
measurements along both intersecting tracks. 

This interpolation is required because in general 
there is no direct measurement at the intersection of 
the two ground tracks. In addition the computation 
of crossovers is laborious because every ascending 
track may intersect all descending tracks - but only 
intersection over ocean can be used. The strategy to 
compute crossover differences therefore first 
approximates the crossover location, then verifies if 
the location is over ocean and finally performs the 
interpolation only if there are enough and high 
quality measurements close to the crossover event. 

The difference of sea surface heights at the 
crossover location is then 





f \ 




f \ 




rf +'^corrl 


-hf + 






\ n J 




\ n J 



(7) 



where is the height of the satellite above a 
reference ellipsoid, the altimeter based range 
measurement and C6>rr„ a number of necessary 
environmental corrections to be applied to the 
altimeter range. If the two measurement j and k are 
taken nearly simultaneously or with a short time 
difference of less than a few days, the crossover 
differences do not reflect by sea level 

changes but can be attributed to orbit errors or 
errors of the environmental corrections that were 
applied to the altimeter measurements. 

4.1 Crossover Statistic, a Measure of Quality 

The accuracy of sea surface heights may be charac- 
terized by an error budget with individual error 
estimates for all components of the altimeter 
systems (see for example table 11, page 120 in 
Chelton et al., 2001). A statistic of crossovers, 
computed with a short time delay, may be used as 
well to characterize the overall error budget. 

AVISO (1999) report, for example, the history of 
the global mean of TOPEX/Poseidon single- satellite 
crossovers, performed for every cycle. On average 
the mean crossover standard deviation is about 7 cm, 
which includes not only orbit errors but also all 
errors of the environmental corrections. 
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Fig. 13 Crossover scenario with redundant sea surface height 
measurements 

4.2 Orbit Error Estimates 

The redundancy of crossover differences can be 
used to estimate correction for the radial component 
of altimeter systems. In the early days of altimetry, 
orbit errors were the dominant error source for the 
radial component. Consequently, crossover 
differences have been used for a least 

squares estimate of orbit errors Soj^ by observation 
equations of this form 

^jk+Vjk=S0j-S0y^ ( 8 ) 

where the subscripts j and k indicate independent 
orbit error models for the two intersecting tracks. 

Different models were used to express the orbit 
error. For crossover analysis within a limited region 
a simple “tilt&bias” model may be sufficient to 
represent the orbit error, which is known to be of 
long wavelength structure. For larger areas, 
polynomials have been used; for global analysis 
trigonometric functions, splines or piecewise cubic 

polynomials with continuity conditions were 
applied to avoid any discontinuity in the estimated 
orbit errors. Schrama (1989) gives a comprehensive 
discussion on orbit errors estimated by crossover 
adjustment. Shum et al. (1990) developed a 
procedure for the direct use of crossovers in the 
precise orbit determination. 



of Satellite Altimetry 

Dual-satellite crossovers provide additional 
capabilities to improve the radial component of 
altimeter systems. Above all, this has been used 
for those altimeter missions that could not achieve 
the same orbit accuracy as TOPEX/Poseidon. Long 
time, the orbit accuracy of TOPEX/Poseidon (about 
2-3 cm for the radial component) was exceptionally. 
This was mainly due to the rather high mean 
altitude of 1336 km, reducing the effect of 
non-gravitational forces, which are difficult to 
model. Moreover, the TOPEX/Poseidon orbit could 
be determined by laser, GPS and DORIS. The 
microwave systems GPS and DORIS realize a 
nearly continuous tracking and allow to compute so 
called “reduced dynamic” orbits, which are rather 
independent of gravity field errors (Yunck et al. 
1994). 

For ERS-1, flying at an altitude of about 800 km, 
the orbit determination was much more difficult. 
After the early failure of the PRARE tracking 
system only laser tracking data was available such 
that the errors of the radial component of ERS-1 
was about two or three times higher than for 
TOPEX/Poseidon. 

The use of dual- satellite crossover between 
TOPEX/Poseidon and the ERS satellites solved the 
problem. It was reasonable to keep the orbit of 
TOPEX/Poseidon fixed and to estimate radial 
corrections to improve the orbits of ERS-1 and 
ERS-2 (Le Traon and Ogor, 1998). This 
demonstrated that dual-satellite crossovers are an 
efficient tool to construct a vertically consistent 
series of sea level measurement from altimeter 
missions with different sampling characteristic. 

4.3 Validating and Tuning the Earth gravity 
field 

Rosborough (1986) has shown that the radial orbit 
errors Ar for ascending passes (A) and 
descending passes (D) of a satellite i are composed 
of a “mean” part (Ay) and a “variable” part ( ) 

such that 

An^=Ar^+AS, (9) 

ArP=AYi-Adi (10) 

Based on Kaulas theory (1966) both orbit error 
components, the mean and the variable part, can be 
expressed as function of the errors SCi^,SSi^of 
the gravity field harmonics: 
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l,m 

( 11 ) 

A^, = ^ Qh' {a, I, (Z>) ■ {SC,,„ sin mX-SS,„ cos mA) 

l,m 

( 12 ) 

The functions Qfj^{aJ,(f>) depend on the 
semi-major axis a and the inclination I of the 
satellite and the geocentric latitude ^ (for an 



efficient computation of these functions see Bosch, 
1997) . 

As long as there are no improved gravity field 
through the new gravity field missions it may be 
reasonable to assume that crossover differences 
mainly reflect orbit errors induced by an insufficient 
modelling of the Earth gravity field. Fig. 14 shows a 
long-term average of ERS-1 single-satellite 
crossover differences. The geographical pattern is 
due to errors of the JGM3 gravity field, which was 
used to compute the ERS-1 orbits. 
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Fig. 14 An example for a pronounced geographical pattern of mean single-satellite crossover differences, computed for ERS-1 (35 day 
repeat) with JGM-3 orbits. Units are cm. The Atlantic and Indian Ocean have negative means while the South and West Pacific have 
positive means. The patterns are modulated by the subsatellite tracks of ERS-1. 



Using the theory of Kaula and Rosborough, 
“observed” single-satellite crossover difference 

may be modelled by 

Axy =Ar/-Arf =2-A^,. 

= 2 • ^ (a, /, ^) • {SCi„ sin mX-SS,„ cos mX) 

l,m 

(13) 

showing that the differences can be expressed as a 
function of errors of the gravity field harmonics. 
Similar equations can be set up for dual-satellite 
crossovers (see Klokocnik and Wagner, 1999). In 
single satellite crossovers the mean part is 
cancelled. This error component, also called 
geographically correlated error, may only be visible 
in dual-satellite crossovers. 

Both, single- and dual-satellite crossover 
differences have been intensively used by 
Klokocnik et al. (1996, 1999) for accuracy 
assessments of gravity field models. 



The relationship between crossovers and 
harmonic coefficients was used by Scharroo and 
Visser (1998) to tailor the JGM3 gravity field by 
minimizing crossover differences between 
TOPEX/Poseidon and ERS-1 through an adjustment 
of harmonic coefficients. The tailored field, called 
DEGM04, reduces the root mean square orbit 
accuracy for the ERS satellites from 7 to 5 cm. 

4.4 Reference System Offsets 

Crossover residuals carry not only the signature of 
geopotentially based orbit errors but they also 
exhibit geographical pattern that are inconsistent 
with orbit dynamics. The satellite motion is 
described in an inertial system: the origin of the 
coordinate system is the centre-of-gravity and the 
moments of inertia for the x- and y-axes vanish. In 
order to have no centre-of-gravity offset all first 
degree harmonics must be zero. If the z-axis 
coincides with the axis of maximum inertia the 
harmonics of degree 2 and order 1 will also vanish. 
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These terms are called forbidden harmonics. 
Different tracking systems and tracking station 
distribution or week calibration conditions, however, 
may cause differences in the orbital reference frame 
system. 

For both, ascending and descending tracks, an 
offset dr and coordinate shifts dx,dy,dz map into the 
radial direction by 

dr 

cos cos dx cos sin dy sin dz 

(14) 

For single-satellite crossovers offset and coordinate 
shift cancel each other and are not visible. Only 
dual-satellite crossover contain the differential 
effect of datum transformation for different 
satellites. They may be used to estimate offsets and 
shift parameters. However, datum parameters can 
only be estimated for all but one satellite. Any 
attempt to estimate datum parameters for all 
satellites would generate a singular system, because 
arbitrary large datum shifts, applied to all satellites 
would have no impact on the crossover differences. 
TOPEX/Poseidon has the most reliable orbit (as 
explained above). Therefore datum parameters are 
estimated only for other satellites and they describe 
datum differences relative to TOPEX/Poseidon. 

Long-term averaged dual satellite crossover 
residuals among Geosat, ERS-1 and 
TOPEX/Poseidon, all with JGM3 based orbits, have 
been used by Wagner et al. 1997 and Bosch et al. 
2000 to solve simultaneously for corrections to the 
gravity field harmonics and parameters accounting 
for a coordinate frame offset relative to 
TOPEX/Poseidon. The result showed significant 
offsets between the coordinate frames of the 
altimeter missions involved, but also large 
correlation between offset parameters and uneven 
degree, order one harmonic coefficients (see Fig. 
15). 

5. Unification of Height Systems 
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Fig. 15 Geocentre offsets estimated relative to TOPEX/Poseidon 
for ERS-1 and Geosat with a subset of the correlation matrix 
(scaled by the factor 1000) showing large correlations between 
dr and dz, and between the x- and y-shifts and uneven degree, 
order one coefficients. 



a tide gauge were averaged and the height of a 
near-by marker was defined relative to this 
realization of mean sea level. 

Because we know today, that the mean sea 
surface does not coincide with an equipotential 
surface, this classical definition implies that 
systematic differences are possible whenever two 
heights at the same point refer to different height 
systems. The unification of height systems has 
become a major problem - above all through the 
growing demands to determine physical heights by 
the combination of precise point positioning and 
evaluation of the geoid! 



Geometric height differences are measured along 
the local plumb line, which is everywhere 
orthogonal to an equipotential surface of the Earth 
gravity field. Therefore, an equipotential surface is 
the only proper height reference surface! On the 
other hand, the mean sea surface appears to be a 
“natural” reference for heights. For life at the coast 
and the coastal zone economy, it is essential to 
know the height above sea level! The traditional 
way to define national height systems was also 
oriented at mean sea level: The long term records of 



5.1 Geoid definition and Bursa’s approach 

The foundations for a global heights system are 
known since more than 130 years: Listing (1873) 
defined the geoid as that particular equipotential 
surface of the Earth gravity field, that best fits to 
mean sea level. Together with Gauss and Helmert 
he suggested using this as a global height reference 
surface. 
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Listings definition is, however, not pragmatic; it 
doesn’t give any recipe how to realize this surface. 
Instead a number of questions arise: 

1. What gravity field model shall be used to 
compute equipotential surfaces (EGM96, or 
any of the new models from CHAMP, 
GRACE or GOCE) ? 

2. There are several realization of mean sea level, 
averaged over different time periods with 
individual grids and coverage. Which one 
should be used? 



5.2 SSTop estimated at tide gauges 

Once, a geoid has been defined and the geopotential 
value Wo is known, it will be necessary to estimate 
the offsets between geoid and height reference 
points of the national height systems. The principle 
appears to be simple. Precise positioning of the 
reference point gives geocentric coordinates, which 
are to be used to compute the geopotential value Wi 
at this point. Then 



3. How to realize the “best fit” between mean sea 
surface and the equipotential surface (least 
squares, global minimization, along the coast 
or at height reference points only?) 

The way of realization will be a matter of 
convention. However, satellite altimetry will be 
essential for the realization itself. 




SH=UWi-Wo) (16) 

r 

gives the vertical offset between the national height 
system and the geoid. The problem here is that the 
errors of the gravity field corrupt the value Wi 
because for this step there is no averaging 
procedure! 

Regional refinements of the geoid will be 
required to overcome the local errors of global 
gravity field models. Geopotential differences to 
neighbouring points, derived from levelling and 
gravity measurements, may be used to estimate the 
vertical offset to the geoid for other points on land 
as well. Over sea, a precise knowledge of the 
surface currents or equivalent the slopes of the 
SSTop can be converted to geopotential differences. 
A least squares minimization of all differences then 
allows deriving a best estimate of the offset 
between the geoid and the national height system. 



Bursa et al. (1999, 2002) proposed to select the 
geoid by a geopotential value Wq that should be 
derived as the mean of the geopotential W, 
evaluated over all ocean surfaces mapped by 
altimetry. 

J( W - Wq ) ^ dMSS ^minimum 

MSS 

(15) 

He uses the EGM96 gravity field and the sea 
surface heights of TOPEX/Poseidon as provided by 
AVISO (1998). Bursa argues that the value of Wois 
rather insensitive to changes in both, the gravity 
field and the sea surface heights - due to the global 
averaging. Bursa does, however, not account for 
long-term changes of mean sea level, shown in Fig. 
9 above. The impact of these changes has to be 
investigated. It may be necessary to define the 
global height system for particular epochs. 



5.3 Comparing sea level time series at tide 
gauges 



Tide gauge measurements provide very precise 
records for the sea level if their reference level is 
regularly controlled by precise levelling. The 
problem is that tide gauges measure sea level 
relative to the solid Earth. Any vertical movement 
of the tide gauge site generates a trend in the 
recordings and may be interpreted as an apparent 
sea level rise or fall. 

Since some time it is recognized that altimetry 
and tide gauges can complement and control each 
other (Neilan et al. 1998) in order to get a more 
reliable understanding of long term sea level 
changes. It was suggested to install and operate 
continuously operating GPS receivers at globally 
distributed tide gauge stations. The International 
GPS Service IGS initiated a pilot project TIGA 



( http ://igscb .ipl.nasa. gov/proj ects/tiga/tiga.html ) to 



estimate the vertical tectonic motions at these sites. 
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Satellite altimetry can be used to derive 
independent sea level time series at tide gauges. In 
most locations the temporal and spatial sampling of 
altimetry is by no way optimal. Also, the precision 
of altimetry is degraded near the coast (the footprint 
is still or already corrupted by land surface, there is 
a rapid change of environmental corrections). 
Nevertheless, points of the subsatellite track with 
closest approach to the tide gauge or with maximum 
correlation between sea surface height time series 
and tide gauge registrations have been used for 
relative comparisons. Within the Pathfinder project 
(Koblinsky et al. 1999a,b), but also within 
individual investigations (e.g. Acuna et al. 2002) 
the two time series showed up correlation factors up 
to 0.8 or even higher. Mitchum (1994, 1998) 
demonstrated that relative comparisons with 70 tide 
gauges can monitor the long-term stability of 
altimeter systems. The differences of both time 
series indicated instrumental drifts of -2.2mm/year. 



Later on, Mitchum (2000) presented an improved 
comparison taking into account land movements at 
the tide gauges. 

Other investigations even perform absolute 
comparison. This is possible if the tide gauge zero 
point has been positioned in a geocentric system by 
GPS (See Fig. 16). The multi-mission sea surface 
heights must be related to the same reference 
system and can be extrapolated towards the tide 
gauge location. For example, subsatellite tracks 
from TOPEX/Poseidon and ERS-1 nearly hit the La 
Guaira tide gauge in Venezuela (see Fig. 17, Acuna 
and Bosch 2003, this volume). The mean heights of 
both time series are offset by only 3 cm, however, a 
significant trend of the differences is observed, that 
could not be explained. 

Dong et al. 2002 perform an absolute calibration of 
TOPEX/Poseidon using six tide gauges in the UK. 
The bias of TOPEX is estimated with about ±2 cm 
precision, that of Poseidon with about ±3 cm. 




Fig. 17 Absolute comparison between tide gauge recordings and sea level time series from multi-mission altimetry (TOPEX/Poseidon + 
ERS-1/2). 



6. Variation of low-degree harmonics 

Satellite altimetry can help to estimate variation of 
low-degree gravity field harmonics induced by 
ocean mass redistribution. Because altimetry gives 
only geometric changes of sea level, additional 
information is needed to decompose mass- and 
volume change of ocean water. Once, this 
decomposition is known, the effect of the mass 
redistribution on the geocentre, the Earth rotation 
and gravity field is easily derived. This forward 
modelling may also contribute to a better under- 
standing of the global water cycle. 



Temperature and salinity determine water density. 
To estimate the thermohaline expansion of sea 
water, the so called steric effect, vertical density 
profiles must be known. Levitus (1994) compiled 
data of several decades and generated a climatology, 
the World Ocean Atlas WOA94, by objective 
analysis, WOA94 also provides monthly mean 
values of the dynamic heights which can be taken as 
a first guess for the annual variation of the steric 
effect. The differences between sea level variations 
and the variation of the steric effect gives an 
estimate of the mass redistribution. 
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Because of the very small mass variations the 
further computations can be performed in spherical 
approximation. Assuming a constant density 
the mass variations can be condensed to the sphere 
and described by the equivalent height changes. 
These heights can be expanded into spherical 
harmonics. 



= (cos 0) • [a„„ cos ml + b„„ sin mA] 

n=0 m=0 

(17) 

The harmonic series allows a simple evaluation 
of integrals using the orthogonality relations of 
spherical harmonics. The shifts of the geocentre is 
finally expressed as a function of the degree one 
coefficients of the harmonic series 



bn ■ 

(18) 

where Re and Me are the mean radius and the mass 
of the Earth respectively. Fig. 18 shows geocenter 
shifts estimated from TOPEX/Poseidon minus 
Levitus monthly mean dynamic heights. Similar 
computations have been perfomed by Dong et al. 
1997 and Chen et al. 1999. 

With an amplitude of 3.5 mm the z-component in 
Fig. 18 shows the most dominant shifts. Shifts for x 
and y-axis show large deviations from an annual 
oscillation end of 1997. This is due to the strong El 
Nino which is -of course - not reflected in the mean 
dynamic heights of Levitus. Obviously, the 
multi-year averages of the climatologic data is not 
well suited to be compared with in-situ sea level 
changes observed by altimetry. A better source of 
information is expected to be provided by numerical 
models like ECCO (see Wunsch and Stammer 
2002 ). 

6.2 Second and higher degree harmonics 



Ax 

Ay 

Az 
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The redistribution of ocean masses also changes the 
angular momentum of the Earth and the higher 
degree and order coefficients of the Earth gravity 
field. Gross (2002) shows, for example, how the 
inertial tensor of the Earth depends on the second 
degree coefficients of the Earth gravity field. 




Fig. 18 Time series of geocenter shifts estimated from 
TOPEX/Poseidon minus Levitus (1994) monthly mean dynamic 
heights. The grey curve is a fit of an annual period with 
amplitudes and phases listed below. 



The changes of second and higher degree 
coefficients of the Earth gravity field can be derived 
similar to the geocentre shifts. Indeed, Wahr et al. 
1998 show that the ocean mass redistribution, con- 
densed to a layer with density Act = p^-h implies 
a change of the gravity field harmonics by 






47rp{2l + \) 



jjAa{0,A)- 



P,„{cos0} 



COS m2 

sin m2 I 



dS 



(19) 



where p^ and p are water density and the 
average density of the Earth respectively, and ^Im 
are the normalized Legendre functions. In addition 
to the direct effect the surface masses also load and 
deform the solid Earth. This indirect effect can be 
accounted for by a factor (1 -f ) where ki are the 
load Love numbers for degree /. 

7 Conclusions 



7.1 Problems and Perspectives 
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Satellite altimetry has become a very important 
geodetic space technique. Impressive progress has 
been achieved for the mapping of the ocean surface, 
the kinematics of mean sea level, the gravity field 
of the Earth and Earth rotation. However a number 
of critical aspects for satellite altimetry remain and 
shall be indicated here. 

The discussion on the correction for the inverse 
barometer response of the sea surface due to 
changes in atmospheric pressure is still controversy. 
The assumption that 1 hPa decrease in pressure 
causes an instantaneous sea level rise of 10mm (and 
vice versa) is violated for several reasons: the 
response is not instantaneous but more valid at 
longer time periods, it seems to be compensated at 
low latitude and there is a departure from 
observation at tide gauges. It is not clear what is the 
right average pressure to be used for the dry 
troposphere correction, 1013.3 or 1010.6 hPa (mean 
only over ocean surface) The difference implies a 
change of the mean sea surface of 2.7 cm. A 
dynamic baroclinic model should be used to 
determine the physically consistent sea level 
response to changes in atmospheric pressure. 

The long-term stability is a critical issue for a 
well-founded statement about the global sea level 
rise. TOPEX/Poseidon is certainly exceptionally 
precise. But does it allow achieving the Imm/year 
accuracy? This would imply that over a decade the 
global mean of sea surface heights are known with 
an accuracy of 10 mm! Nerem (1998) certifies a 
2mm/year uncertainty in the long-term stability of 
TOPEX/Poseidon. There are uncertainties in most 
of the environmental corrections that exceed these 
requirements. Careful attention has also to be paid 
to the reference system and its stability (See Nerem 
et al. 1998, Ries et al. 1999). Reference system 
offset must be identified and taken into account, if 
long-term multi-mission altimetry is used to 
investigate secular sea level changes. 

Most of the geodetic applications require a high 
spatial resolution. This can only be achieved by 
combining altimeter missions with different 
sampling characteristic. This combination requires a 
careful harmonisation of all missions and a 
dedicated cross-calibration in order to ensure a 
consistent vertical reference. The current situation 
with five altimeter missions operating 
simultaneously is extraordinary and must be used to 
perform an utmost precise cross-calibration of all 
missions. Only in this way a long-term record of 
altimetry can be generated. In a few years, however, 
there may be only a single mission, Jason-2. 

Finally, geodesy has specific requirements to the 
precision of altimetry in coastal areas. Sea surface 



mapping and the recovery of gravity anomalies 
suffer from the degraded performance of coastal 
altimetry. Global tide models can not represent the 
shallow water tides. At the transition from land to 
sea there are fast changes in the atmosphere. A 
retracking is necessary to approach as close as 
possible to the coast. 

7.2 The challenge of GRACE and GOCE 

The geodetic and oceanographic community is 
waiting for dramatic improvements of the gravity 
field by analysing the data of CHAMP, GRACE 
and GOCE. All applications described above 
would essentially gain from these improvements. 
The specific expectations of geodesy focus on the 
realization of a cm-geoid. This will allow to 

• unify national height systems, 

• enable precise levelling with GPS, 

• solve datum inconsistencies in terrestrial and 
marine gravity data, and - above all - to 

• derive a precise estimate of the absolute 
dynamic topography with the perspective, to 

o get a detailed view of the surface currents, to 
o extrapolate surface currents to the deep 
ocean and to 

o obtain reliable estimates of heat and mass 
flux. 
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Abstract. We investigate climate-related processes 
causing variations of the global mean sea level on 
interannual to decadal time scale. We focus on 
thermal expansion of the oceans and continental 
water mass balance. We show that during the 1990s 
where global mean sea level change has been 
measured by Topex/Poseidon satellite altimetry, 
thermal expansion is the dominant contribution to 
the observed 3 mm/yr sea level rise. For the past 
decade, exchange of water between continental 
reservoirs and oceans as well as glaciers and ice 
sheet melting may account to up 1 mm/yr. This 
suggests that there is a missing contribution which 
counterbalances the 1 mm/yr eustatic contribution. 
Dam building and irrigation associated with 
anthropogenic activities appear able to cancel out 
the effect of ice melting and land water change. For 
the last four decades, thermal contribution is 
estimated to about 0.5 mm/yr, with a possible 
accelerated rate of steric sea level rise during the 
1990s. 

Keywords. Sea level, satellite altimetry, thermal 
expansion, land water, ice melting 



1 Introduction 

Present day sea level change is a topic of 
considerable interest in the context of the current 
debate on global climate change because of its 
potential impact on human populations living in 
coastal areas. From a purely scientific point of view, 
sea level change is an attractive research area 
because of its interdisciplinary character. In effect, 
measuring sea level change and studying processes 
causing sea level change involve fields such as 
ocean and atmospheric sciences, hydrology, 
glaciology, geophysics, geodesy, and remote 
sensing. This is so because sea level change 
integrates non-linear coupled responses of several 
components of the Earth’s system, mainly oceans, 
atmosphere, ice sheets, land water reservoirs, 
mantle and crust . 



This paper focuses on global sea level variations 
on a time span ranging from last decade to past 
century. On such time scales, two classes of 
processes are responsible for global sea level 
variations: 

- Temperature and salinity variations of ocean 
waters causing water density (volume) change; 

- Exchange of water between oceans and other 
surface reservoirs (ice sheets, mountain glaciers, 
and land water reservoirs) associated with the 
global water cycle, causing ocean mass change. 

Sea level changes due to temperature and salinity 
variations are called steric while sea level changes 
resulting from addition or removal of water mass 
are called eustatic. The term ‘"eustatic''' is 
sometimes misused, some authors assuming that 
eustatic means uniform. Such a definition is wrong, 
and we will see below that whatever the process 
involved, sea level change is all but uniform. 

Since the publication in mid-2001 of the chapter on 
Sea Level Change (Church et al., 2001) in the 
Third Assessment Report by the IPCC, a number of 
new results have been reported in the recent 
literature. These may be summarized as follow: 

- sea level rise (SLR) measured during the 1990s by 
Topex/Poseidon satellite altimetry has approached 3 
mm/yr, a value significantly larger than current 
estimates of the 20* century SLR that re opens the 
question of SLR acceleration 

- sea level change, whether steric or eustatic, is 
highly non uniform spatially 

- land water mass contribution due to change of the 
global water cycle can now be estimated 

- revised estimates of mountain glaciers and ice 
sheet melting are available for the past decade 

We first discuss observations of sea level change 
(from satellite altimetry, and tide gauges, as well as 
from Earth’s rotation and gravity field). Then we 
show that for the 1990s, SLR is fully explained by 
thermal expansion (warming) of ocean waters. Next 
We compare thermal expansion for the past 50 
years to SLR measured by tide gauges and 
demonstrate that the 20* century SLR is very likely 
over estimated by a factor of 2. Continental waters 
contribution to SLR is also discussed, as well as 
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recently published re estimates of ice sheet and 
glacier melting to SLR. Finally we discuss the 
possibility of a recent acceleration of the rate of 
SLR. 

2. Observed sea level change during 
the 1990s 

During the last decade, sea level has been 
continuously measured by satellite altimetry with 
very high precision, high spatio-temporal sampling 
and global coverage (e.g., Cazenave et al., 2003, 
Nerem and Mitchum, 2001a, Nerem and Mitchum, 
2001b, Cazenave and Nerem, 2003). Fig. 1 shows 
the global mean sea level curve based on 
Topex/Poseidon for the period 1993-2003. The rate 
of SLR is 2.99 + 0.1 mm/yr. 



stw 




Fig. 1 Global mean sea level curve from Topex/Poseidon 
altimetry for 1993-2003. 



Another important result of satellite altimetry is 
the mapping of the regional variability of sea level 
change (Fig. 2). Such a result was suspected before 
Topex/Poseidon but not yet demonstrated. 
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Fig. 2 Geographical distribution of sea level trends from 
Topex/Poseidon for 1993-2003. 



3. Sea level change during the previous 
decades from tide gauges observations 

Before the advent of the satellite altimetry, direct 
measurements of sea level change were (and are 
still) based on tide gauges. While current networks 
involve several hundreds of tide gauges, only very 
few tide gauges provide reliable historical records 
usable for sea level studies. Fig. 3 shows the 
location of the 27 tide gauges with records longer 
than 70 years, used by Douglas (2001) for re 
estimating the 20* century SLR. 




Fig. 3 Location of the 25 historical tide gauges used to estimate 
the 20th century sea level rise. 
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Fig. 4 Examples of tide gauge records at San Francisco, Brest, 
New York and Stockholm. 

Fig.4 shows a few examples of tide gauges 
records. The Stockholm’s record clearly illustrates 
one of the two main drawbacks of tide gauges (the 
second being heterogeneous and limited coverage), 
i.e., land motion contamination. At Stockholm 
(Sweden), tide gauges mostly measure Post Glacial 
Rebound (PGR), the vertical motion of the Earth's 
crust since last deglaciation. 
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Many estimates of the 20* century SLR have 
been published during the past 2 decades. Most 
recent estimates are: 

- Douglas (2001) (27 tide gauges): 1.71 + 0.55 
mm/yr 

- Peltier (2001) (same 27 tide gauges as Douglas, 
but correction for PGR): 1.85 + 0.35 mm/yr 

- Tamiseia et al. 2001 (23 tide gauges included in 
the 27 Douglas’ sites) : 1.5 + 0.4 mm/yv 

- IPCC; Church et al. (2001) (compilation of 

publications from the past decade): 1.5 + 0.5 

mm/yr 

As shown in Tamiseia et al. (2001), the 
dispersion of sea level trend estimates probably 
reflects regional variability in relative sea level. 
This variability may either result from land motion 
or from oceanographic sources (including the steric 
component). Table 1 summarizes the advantages 
and drawbacks of tide gauges for measuring the 
global mean sea level. 



Table 1. 



Advantages 


Drawbacks 


- historical information 


- heterogeneous and limited 


(back to -1900) 


coverage 


- useful for calibrating 


- gaps in data records 


altimetry systems 


- land motion 




contamination 



4. Astronomical and geophysical 
observables able to constrain present- 
day eustatic SLR 

Several authors ( Peltier, 1998, Johnson and 
Lambeck, 1999, Sabadini and Vermeersen, 2002, 
Munk, 2002) have shown that temporal variations 
of Earth’s rotation parameters (angular velocity and 
polar motion), as well as of some geodetic 
parameters (low degree harmonics of the gravity 
field) can offer independent constraints on the 
range of present-day eustatic SLR (i.e., water mass 
change in the ocean basins). These observables are : 

- The non-tidal Earth’s rotation acceleration (or 
equivalently, length of day -LoD- secular decrease), 
based on eclipses observations during Antiquity, 
back to 500 BC, and historical period up to present 
days (amounting to -0.6 ms/cy over the past 2500 
years, in terms of LoD) 

- The secular decrease of the Earth’s dynamical 
flattening (noticed ^2 ) observed by geodetical 

satellites during the past 25 years (amounting to - 
3 X lO'^Vyr over the past 25 years) 



- The secular motion of the Earth’s rotation pole 
(true polar wander) towards Greenland (~10 m/cy 
during the past 100 years) 

These three observations have been generally 
explained by Post Glacial Rebound. Indeed viscous 
mantle material flowing from low latitudes towards 
high latitudes in response to the last deglaciation 
that started about 18 000 years ago, has caused 
change of the Earth’s inertia tensor, in particular of 
the polar moment of inertia C. Because the Earth is 
deformable, its rotation rate and rotation axis adjust 
themselves in order to conserve angular momentum. 
In the absence of other torques, change in length of 
day (LoD) is directly proportional to any change in 
C. The dynamical flattening J 2 represents the 
equatorial bulge of the Earth. As for LoD, any 
change of J 2 is also proportional to a change of C. 
An interesting and intriguing point is that observed 
secular changes in LoD and J 2 provide numerically 
equal changes in C, suggesting that both 
observables are independent measures of the same 
physical process on two different time scales : the 
past 2500 years and the past 25 years. Considering 
the very long time span (2500 years) under 
consideration, the best candidate is evidently PGR. 
By the way, models of Post Glacial Rebound 
developed during the past 2 decades by several 
investigators appear able to explain LoD and J 2 
variations, for values of the lower mantle viscosity 
(in the range 1-5 x 10^^ Pas) that also fit geological 
observations of Holocene sea level. However, 
observed secular decrease of J 2 may also reveal 
surface mass redistribution, for example meltwater 
added into the oceans from melting of the ice sheets. 
Several investigators have recently explored the 
effect of accounting for present-day eustatic SLR 
caused by Antactica and Greenland melting, in 
addition to PGR. Secular changes in LoD and J 2 
may be explained by 1.5 mm/yr eustatic SLR (due 
to 500 Gt/yr of Antarctica melting plus 140 Gt/yr 
Greenland melting), in addition to PGR, if the lower 
mantle viscosity is increased by an order of 
magnitude (thus in the range 1.-5. x 10^^ Pas). This 
range value is not ruled out by global circulation 
models published during the past 15 years (using 
the observed long-wavelength geoid and seismic 
tomography models). However, mantle viscosity 
variation with depth is not tightly constrained. For 
example, a recent paper by Panyasuk and Hager 
(2000) shows that three rather different families of 
mantle viscosity profiles are typically derived from 
these global circulation models, depending on the 
type of tomography model used. At this stage, all 
what we can say is that the higher lower viscosity 
mantle required to explain the J 2 secular decrease in 
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terms of PGR plus a ~ 1 mm/yr eustatic SLR, is not 
incompatible with other geophysical observables. 
But it is also clear that we cannot use this 
observation to constrain the amount of present-day 
meltwater reaching the oceans. Concerning the true 
polar wander, it appears that a 1.5 mm/yr eustatic 
SLR contribution significantly degrades the 
consistency between observed and predicted 
motion -both in amplitude and direction- (e.g., 
Sabadini and Vermeersen, 2002). In fact, it cannot 
be excluded that present-day true polar wander 
partly results from totally different phenomena, for 
example mantle convection and mantle avalanches 
across the lower mantle. 

5. Sea Level Rise : Do we really 
understand what we measure? 

5.1 Sea level rise during the 1990s 

We now show that most of the sea level rise 
signal reported by Topex/Poseidon is of steric 
origin. Recently, S. Levitus and co-workers from 
NOAA provided a global gridded data set of ocean 
temperatures down to 3000 m, for the past 50 years 
(Levitus et al., 2000a). This data set consists of 
l°xl° gridded temperature fields derived from 
objective analyses of historical profiles, given as 
yearly means for the upper 500 m for 1945-1998 
and as 5-years means for depths down to 3000 m 
for 1945-1996. Using the Levitus et al. temperature 
data set, Cabanes et al. (2001) computed the steric 
sea level contribution to the Topex/Poseidon- 
derived SLR during the 6-year (1993-1998) of 
overlap of the two data sets. Fig. 5 compares sea 
level trend maps based on Topex/Poseidon and in 
situ ocean temperature data. The agreement 
between the two maps is striking. The dominant 
trend patterns seen in the Topex/Poseidon map are 
well reproduced in the steric trend map. The only 
region where the two maps are not in agreement is 
the southern oceans, probably a result of scarce 
temperature data in these remote regions. 

Comparing the geographically averaged sea level 
time series (observed and steric) also shows 
remarkable agreement (Fig. 6). This result indicates 
that during 1993-1998, the 3 mm/yr SLR observed 
by Topex/Poseidon is essentially due to warming of 
the world oceans. It also indicates that eustatic 
contributions are either negligible or cancel out 
each other. 

5.2 Sea level rise during the 20th century 
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Fig. 5 (a) Sea level trend map from Topex/Poseidon for 1993- 
1998 (b) Steric sea level trend map for 1993-1998, computed 
from the Levitus et al.’s (2000a) temperature data set down to 
500 m. 




means) : observed from Topex/Poseidon (blue curve); steric 

contribution (red curve); residuals (green dashed curve). 

The chapter on sea level change (Church et al., 
2001) of the IPCC Third Assessment Report re 
evaluates climate-related contributions to the 20* 
century sea level rise. The largest positive 
contribution (0.5 mm/yr of sea level rise) based on 
Ocean General Circulation Models (OGCMs) arises 
from thermal expansion due to warming of the 
oceans that mainly occurred since the 1950s. 
Melting of continental glaciers produces 0.2 to 0.4 
mm/yr sea level rise. Estimated Greenland and 
Antarctica mass imbalance (accounting for a long- 
term readjustment since Last Glacial Maximum 
plus a climate-related response) contributes -0.2 to 
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0.6 mm/yr. The least certain contribution is the 
change in terrestrial water storage that results from 
human activities, which is in the range of -1.1 to 
+0.4 mm/yr with a median value of -0.35 mm/yr 
(i.e., corresponding to sea level drop). The sum of 
these contributions ranges from -0.8 to 2.2 mm/yr, 
with a median value of 0.7 mm/yr. As we have seen, 
values for the 20* century sea level rise based on 
tide gauges records are in the range 1.5-2 mm/yr. 
The IPCC report adopts as best estimate a value of 
1.5 + 0.5 mm/yr and notes that the sum of climate- 
related components is low compared with the 
observational estimates. In effect, the observed 
value is more than twice as large as the revised 
estimate of the total climate contributions, although 
there is complete overlap between their respective 
uncertainties. It thus appears that either the climate- 
related processes causing sea level rise are 
underestimated or sea level rise observed with tide 
gauges is biased toward values too high. We discuss 
below the two possibilities. We first show that the 
1.5 mm/yr 20* century sea level rise could over 
estimated. 

5.3 Tide gauge bias 

Using the Levitus et al. (2000a) temperature data set, 
Cabanes et al. (2001) computed the steric 
contribution to SLR for the past 50 years. Fig. 7 
shows the steric sea level trend map while Fig. 8 
shows the steric sea level curve for 1955-1995. The 
mean trend amounts to 0.5 + 0.05 mm/yr, a value in 
very good agreement with IPCC’s estimate mainly 
based on OGCMs. The effect of salinity is not taken 
into account in this estimate. However, a recent 
study by Antonov et al. (2002) indicates that in 
terms of global mean, salinity does not account for 
more than 0.05 nun/yr (10% of the thermal SLR) 
for the past 50 years SLR, even if salinity may be 
regionally important. The steric sea level trend map 
for the past 50 years displays important regional 
variability. On Fig. 7 are reported the 25 out if the 
27 tide gauge sites (grouped into 9 regions) used by 
Douglas (2001) to estimate the 20* century sea 
level rise. We immediately see that the 
heterogeneous and limited coverage of historical 
tide gauge networks cannot capture the regional 
variability. In other words, deriving a ‘global mean 
sea level rise’ by averaging geographically poorly 
distributed tide gauges data cannot lead to a 
meaningful estimate of the global average. 

Cabanes et al. (2001) tested this hypothesis in 
computing a pseudo ‘global mean’ steric sea level 
by sub sampling the global thermosteric sea level 
grids at locations close to the 25 tide gauge sites of 



Douglas. The pseudo ‘global mean’ steric sea level 
time series is superimposed to the ‘true’ global 
mean on Fig. 8. The linear trend of this pseudo 
‘global mean’ amounts to 1.3 +/- 0.10 mm/yr, a 
value more than 2 times larger than the ‘true’ global 
mean trend (of 0.5 +/- 0.05 mm/yr). Looking at 
Fig.7, we indeed note that 23 out of the 25 sites are 
located in positive trend regions, thus fail to 
correctly sample the global mean variation. 
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Fig. 7 Steric sea level trend map for 1955-1995, computed using 
the Levitus et al.’s (2000a) temperature data set down to 3000 m. 
The 25 historical tide gauge sites are indicated by white triangles. 




‘pseudo global’ mean steric sea level sub sampled at the 25 tide 
gauge sites (green curve) for 1955-1995. 

To check whether the computed steric sea level rise 
correctly reproduces the observed tide gauge- 
derived sea level rise, Cabanes et al. (2001) 
considered tide gauges records from the Permanent 
Service for Mean Sea Level (PSMSL) at the 25 sites. 
All records were corrected for the inverted 
barometer response of sea level to atmospheric 
forcing and Post Glacial Rebound with Peltier 
(1998) model (see Cabanes et al., 2001 and Cabanes, 
2003, for details). The ‘average’ tide gauge-derived 
sea level curve over 1955-1996, after performing 
regional grouping, is shown in Fig. 9 superimposed 
to the ‘pseudo global’ mean steric sea level. The 
observed (i.e., tide gauge-derived) mean sea level 
rise over 1955-1996 amounts to 1.6 +/- 0.15 nun/yr. 
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a value that agrees well with the pseudo ‘global 
mean’ steric rise (1.3 +/- 0.10 mm/yr). The above 
results suggest that the limited and uneven tide 
gauges distribution produces a serious bias affecting 
global mean sea level rise estimates. Sub sampling 
the steric sea level for the past 50 years at the 287 
sites of the GLOSS network implemented during 
the 1990s gives on the other hand a very good 
agreement with the true global mean (Cabanes, 
2003). This confirms the importance of a uniform 
distribution of tide gauges for global sea level 
studies. From this discussion we conclude that 
current estimates of the 20* century SLR may be 
too high. A value around 1 mm/yr is probably 
closer to reality. 




25 tide gauge sites (green curve) for 1955-1995; Observed mean 
sea level at the 25 tide gauges sites (blue curve) for 1955-1995. 



5.4 Eustatic contributions due to 
continental water reservoirs 

We now consider another eustatic contribution to 
SLR not taken into account by the IPCC: the land 
water mass contribution due to fluctuations of the 
global water cycle. Indeed, sea level is expected to 
change in response to the amount of water mass 
exchanged between oceans and land reservoirs 
under climate variability. Up to now, such an 
estimate has been hindered by the lack of global 
data on continental water storage. Continental water 
budget includes water (both liquid and solid) stored 
in the root-zone (soil moisture) and underground 
aquifers, in the snow pack and surface water 
reservoirs (lakes, rivers and wetlands). In terms of 
water mass change on interannual and decadal time 
scales, the largest contributions arise from soil 
moisture, ground waters and snow. The global 
distribution of these quantities is unknown over 
most of the world because in situ observations do 
not exist. Thus, global estimates of land water 
storage essentially rely on hydrological models, 
either coupled with atmosphere/ocean global 



circulation models, or forced by observations. The 
models estimate the variation in land water storage 
by solving a water budget equation that relates 
temporal change in land water mass to precipitation, 
evapostranspiration and runoff. In a forced mode, 
these land surface schemes are driven by spatio- 
temporally varying mass and energy fluxes, the 
main forcing being precipitation. Model outputs 
include gridded time series of soil moisture, snow 
depth, surface runoff, occasionally groundwater. 
While most models focus on the seasonal cycle, a 
few of them provide information on the interannual 
variability. A recent study by Milly et al.(2003) 
uses global land water data from the Land 
Dynamics model developed by Milly and Shmakin 
(2002) (a ‘state-of-the-art’ global hydrological 
model providing global grids of soil and 
underground waters and snow over 1981-1998), to 
estimate the land water mass contribution to sea 
level change during the last two decades. Fig. 10 
shows the total contribution of underground water, 
soil water, and snow (seasonal terms removed), 
expressed in sea level equivalent. The total land 
water mass change contributes to a mean sea level 
rise of 0.15 mm/yr. This positive sea level trend 
indicates that, on the average, continental areas 
have become drier during the past two decades. 
This result appears correlated with an average 
decrease of precipitation over land, especially over 
large tropical river basins. 




1981 1984 1987 1990 1990 1996 1999 

Fig. 10 Contribution to the global mean sea level of the sum of 
ground waters, soil moisture and snow for 1981-1998 (based on 
the Land Dynamics model). 



5.5 Eustatic contributions due to mountain 
glaciers and ice sheets 

There are two other sources of eustatic SLR: 
melting of mountain glaciers and melting of the ice 
sheets. Contribution of mountain glaciers melting is 
difficult to estimate on a global scale. However, all 
investigations conclude to a positive contribution 
(i.e., glacier melting) to the 20* century sea level 
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change, in the range of 0.2-0.3 mm/yr. Recent 
papers by Dyugerov and Meier (2002), and Meier 
and Wahr (2002) suggest that this contribution may 
have grown up to 0.5 mm/yr in the recent years. 
Such a result is partly based on the very first 
estimate of Alaska glaciers melting by Arendt et al. 
(2002), contributing to 0.27 + 0.10 mm/yr sea level 
rise over the past 35 years, with a clear acceleration 
during the 1990s. Although these estimates are still 
uncertain, it is not unreasonable to assume that 
glacier melting has accounted for up to 0.5 nun/yr 
eustatic sea level rise during the 1990s. 

Effects of Greenland and Antarctica 
melting/accumulation are also uncertain. IPCC 
values for present-day melting/accumulation are + 
0.05 mm/yr for Greenland and -0.1 mm/yr for 
Antarctica, plus a long-term readjustment since 
Holocene deglaciation, of 0.25 nun/yr. This long- 
term contribution is subject to controversy however. 
Some authors consider that ice sheet melting 
completely stopped 4000 years ago, implying a zero 
long-term contribution, while other authors do not 
support this point of view and conclude to a 0.25 
mm/yr long-term SLR on the basis of geological 
observations. 

mm/yr. It is important to mention that this value 
mostly refers to recent (last decade) observations 
and cannot be extrapolated to the whole 20^^ century. 
The above recent results raise the following 
question : since the Topex/Poseidon-derived sea 
level rise is almost totally explained by thermal 
expansion, there is no room for an additional 1 
mm/yr eustatic contribution unless the latter 
contribution is counter-balanced by a negative 
component (sea level drop). The only plausible 
candidate able to account for sea level drop is land 
water storage that results from human activities 
(construction of dams for production of 
hydroelectric energy, diversion of rivers for 
irrigation, land water use for urbanization, etc.). 
This component is very poorly known but has been 
probably close to zero; E. Rignot, personal 
communication). The total ice sheets effect leads to 
~ + 0.3 + 0.01 mm/yr present-day SLR. Summing 
up the three eustatic contributions (0.15 mm/yr for 
the land water component, 0.3 mm/yr for present- 
day melting of Greenland and Antarctica, and 0.5 
mm/yr for mountain glaciers melting) leads to a 
total ‘present-day eustatic’ SLR approaching ~ 1 
can be sununarized as follows in terms of SLR: 
Greenland (+0.13 mm/yr). West Antarctica (+0.16 
+ 0.05 mm/yr). East Antarctica (unknown, but 
estimated in the range of -1.1 to + 0.4 mm/yr by the 
IPCC (2001), with a negative median value of - 
0.35 sheets based on various types of remote 



sensing measurements conducted during the 1990s. 
These mm/y (i.e., sea level drop). In a recent study, 
recent estimates of the mass balance of the ice 
Gomitz (2001) has re evaluated sea level change 
induced by anthropogenic processes. Some effects 
such as 

urbanization, ground water mining and Concerning 
present-day melting/accumulation of the ice sheets, 
Rignot and Thomas (2002) report deforestation lead 
to runoff increase, hence sea level rise. Other 
effects such as dam construction and irrigation 
produce runoff decrease, hence sea level drop. The 
latter two effects are by far the dominant 
contribution, so that according to Gomitz (2001) the 
net effect of human activities for recent decades is a 
sea level drop of -0.9 +/- 0.45 mm/yr, exactly of 
the right order of magnitude to counterbalance the 
+1 nun/yr sea level rise due to recent ice sheet and 
glacier melting! While this result appears 
interesting, it needs to be confirmed by more 
precise determinations of the anthropogenic effects 
on the continental water cycle, thus ultimately on 
sea level change. 

6. Has sea level rise accelerated in the 
past 1-2 decades? 

We have seen above that the 20* century sea level 
rise may have been over estimated, and that the 
tme value is possibly closer to 1 nun/yr than 2 
nun/yr. We have also shown that for the past 
decade, SLR (based on Topex/Poseidon) amounts 
up to nearly 3 mm/yr. Has SLR accelerated recently? 
This is a serious possibility that needs to be 
investigated. 

We have seen that during the 1990s thermal 
expansion fully explains the Topex/Poseidon- 
derived SLR and that the positive eustatic 
contribution due to mountain and ice sheet melting 
and change in land water storage, is cancelled by a 
egative contribution, possibly of anthropogenic 
origin. 

Fig. 11 shows the steric sea level curve for the 
past 50 years on which is superimposed sea level 
observed by Topex/Poseidon during the 1990s. It 
clearly appears that steric SLR has accelerated in 
the recent years. Fig. 12 presents steric sea level 
curves computed with ocean temperature data down 
to 500 m and 3000 m for latitude bands of 30°. We 
see that in several regions, steric sea level rise has 
accelerated around the early 1990s (and also in the 
early 1970s). Investigation ocean basin by ocean 
basin indicates that this behavior originates in the 
Atlantic ocean, in agreement with Levitus et al. 
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Fig. 11 Global mean steric sea level for 1955-1998 computed 
from the Levitus et al.’s (2000a) temperature data set down to 
500 m (red curve); Topex sea level superimposed (black curve). 

(2000b) results indicating that warming of the world 
ocean during the past 50 years was mostly effective 
in the Atlantic ocean. 

7, Perspectives 

Considering the potentially disastrous 
consequences of rising sea level in highly populated 
low altitude coastal regions, it is crucial to continue 
to precisely monitor sea level variations as well as 
better understand their causes. This is of high 
importance for improving sea level predictions for 
the 21th century, which according to the IPCC 
recent report are still very uncertain. Jason- 1, the 
successor of Topex/Poseidon has been launched in 
December 2001 and already provides very precise 
sea level measurements. In March 2002 has been 
launched the GRACE mission which objective is to 
measure spatio-temporal variations of the gravity 
field with an unprecedented accuracy and resolution, 
on time scales ranging from one month to several 
years. The main application of GRACE is to 
monitor the redistribution of water mass among the 
surface fluid envelopes, i.e., changes of ocean water 
mass, continental water storage, including mountain 
ice and snow pack, and the ice sheets mass balance. 
GRACE over the continents will provide us with a 
precise estimate of the total land water mass 
contribution to sea level change while GRACE over 
the oceans will allow determination of water mass 
addition/removal into/from ocean basins. Finally 
combining GRACE data and Jason- 1 data over the 
oceans will allow separation between thermal and 
mass effects. This will represent a great step 
towards a better understanding of various factors 
responsible for present-day sea level change. 




0-3000m 




Fig. 12 Steric sea level curves as a function of latitude, (a) using 
temperature data down to 500 m; (b) using temperature data 
down to 3000 m. On both figures, the black curves are the 
latitudinal steric sea level while the red curve represents the 
global mean. The blue curve on Fig. 12a is the observed 
Topex/Poseidon sea level. 
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Abstract. The past decade has seen the most 
intensive observations of the global ocean surface 
topography from satellite altimeters. The Joint 
U.S./France TOPEX/POSEIDON (T/P) Mission has 
become the longest radar mission ever flown in 
space, providing the most accurate measurements 
for the study of ocean dynamics since October, 
1992. The European Space Agency’s ERS-1 and -2 
Mission also provided altimetric observations from 
1991-2000. The combined data from T/P and ERS 
have higher spatial resolution and greater coverage 
than the individual missions. Major advances in 
large-scale ocean dynamics from these observations 
are reviewed in the paper, including the ocean 
general circulation and its variability, the evolution 
of the El Nino Southern Oscillation cycles as well 
as the emerging decadal variability, the response of 
the ocean to wind forcing, assimilation of altimeter 
data by ocean general circulation models and the 
estimation of deep ocean circulation, global sea 
level rise, and tidal models and mixing. 

Keywords, satellite altimetry, ocean circulation, 
TOPEX/POSEIDON, El Nino, tides 



1 Introduction 

The utility of a spacebome radar altimeter for the 
study of ocean circulation and dynamics was first 
demonstrated by Seasat (Fu , 1983). Despite the 
short 3-month duration of the satellite mission, a 
wealth of dynamic phenomena in the ocean was 
revealed in the observations, including tides, eddies, 
and boundary currents. Following Seasat, the 
U.S.Navy launched Geosat in 1985. With 
capabilities similar to Seasat, Geosat collected 4 
years’ worth of data and generated a wide range of 



applications in the study of global ocean dynamics 
(Fu and Cheney, 1995). While the results from 
Seasat and Geosat were tantalizing, the limitations 
caused by the rather large measurement errors were 
disappointing. For example, the uncertainty in 
determining the satellite’s orbits creates an error in 
ocean surface topography on the order of 1 meter 
over a scale of thousands of kilometers. The errors 
caused by the lack of accurate measurement of the 
tropospheric water vapor content lead to topography 
errors about 10 cm over a scale of a few hundred 
kilometers. There are important oceanographic 
signals at all these scales, dictating a better 
measurement system for making substantial 
progress in ocean dynamics. 

The Joint American/French TOPEX/POSEIDON 
Mission (T/P hereafter) was the first altimetric 
mission optimally designed for the study of the 
dynamics of ocean circulation. The mission 
concept was developed in the early 1980s. 
Realizing the outstanding problem in orbit 
determination, NASA and CNES initiated a 10-year 
effort to improve the modeling of the earth’s gravity 
field as part of the mission. To make precise 
tracking of the satellite’s positions, the satellite 
carries three tracking systems: laser retroreflectors, 
DORIS receivers, and GPS receivers. The altimeter 
was the first with dual frequencies (13.6 and 5.3 
GHz) for removing the path delays caused by the 
ionopsheric free electrons. Also carried was a 3- 
frequency microwave radiometer (18,21, 37 GHz) 
for removing the path delays caused by the water 
vapor in the atmosphere. The satellite’s orbit 
configuration was dictated by optimal performance 
in orbit determination and tidal sampling. The 
reader is referred to Chelton et al. (2001) for a 
description of the principle of radar altimetry and to 
Fu et al. (1994) for the details of the T/P satellite 
and instruments. 
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T/P was launched in 1992 and has provided 10 
years’ worth of high-quality data so far. Displayed 
in Fig. 1 is the comparison of the sea level 
measurements made by T/P and a tide gauge at the 
Christmas Island in the equatorial Pacific Ocean. 
Note that the rms differences are close to 2 cm. 
During the past decade, ESA also launched ERS-1 
and ERS-2 satellites, both of which carried radar 
altimeters. 




Fig. 1 Monthly sea level anomalies from T/P (black) and a tide 
gauge (blue) at the Christmas Island (Robert Cheney, personal 
communication, 2002). 

Although the ERS altimeter performance is not as 
good as T/P, the data from the two ERS altimeters 
have provided spatial coverage to complement the 
T/P observations. The unprecedented continuous 
10-year observation of the global ocean topography 
has revolutionized the way we study the global 
oceans. Significant advances have been made in a 
wide range of subjects in ocean dynamics. This 
paper presents a summary of the highlights from 
this remarkable progress. 

2 Ocean General Circulation 

Satellite altimetry provides a unique approach to the 
determination of the ocean dynamic topography. 
The difference between the height of sea surface 
measured by altimetry and the height of the geoid is 
the ocean dynamic topography from which the 
surface geostrophic velocity is then determined. 
The top panel of Fig. 2 shows the dynamic 
topography derived from Geosat (Nerem et al. 
1990), to be compared with the middle panel 
showing the result from T/P, and the lower panel 
showing the computation from an ocean model that 
assimilates the T/P data (Stammer et al., 2000). 
The improvement of T/P over Geosat is quite 
substantial. However, the spatial resolution is 
limited by the errors in the present geoid models 



that amount to 10 cm at 1000 km scales. The newly 
launched GRACE satellite is expected to provide 
better geoid models that will have only 1 cm error 
at 300 km scales. Note that the model has provided 
a smoother estimate of the topography that 
Constrained by the surface 
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Fig. 2 Top: surface dynamic topography from the Geosat data 
(Nerem et al., 1990. Middle: from the T/P data (Stammer et al., 
2000). Lower: from a numerical model assimilating the T/P data 
(Stammer et al., 2000) 

observations, the numerical models also make 
estimates of the circulation of the deep ocean, as 
shown in Fig. 3 for a depth of 2000 m (Tong Lee, 
personal communication, 2002). Such constrained 
model estimates allow the determination of the flux 
of mass, heat, and dissolved greenhouse gases in the 
ocean as well as the air-sea fluxes. 

3 Mesoscale Variability 
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Fig. 3 Current velocity vectors at 2000 m estimated from a 
numerical model assimilating the T/P data. 



What satellite alimetry has done best to date is to 
illustrate how the global oceans are changing with 
time. Shown in Fig. 4 is a map of the standard 
deviation of ocean topography computed using data 
from T/P, ERS-1 and ERS-2 (Ducet et al., 2000). 
The standard deviation is dominated by the 
mesoscale fluctuation of ocean currents and eddies. 
The map reveals the details of the mesoscale ocean 
variability not seen before. Of particular interest is 
the structure around the Grand Banks, resembling 
the path of the North Atlantic Current. This feature 
was incorrectly mapped from previous observations. 
The new finding has motivated the improvement in 
the spatial resolution of numerical ocean models to 
as fine as 1/16 degree for resolving the details of 
ocean dynamics. 

4 El Nino and La Nina 

The much improved orbit determination for T/P has 
enabled the best global observations of the large- 
scale ocean variability. The global view of the 
1997-98 El Nino as it evolved in real time was the 
best demonstration of this powerful new capability. 
For the first time, altimetry observations were used 
by the US NOAA climate prediction models for 
improving forecast skills. Shown in Fig. 5 are the 
yearly averaged sea surface anomalies for 1997- 
2000, depicting the evolution of El Nino into La 
Nina, followed by the development of a slow 
change in the Pacific, possibly a new phase of the 
Pacific Decadal Oscillation. 

5 Global Mean Sea Level Rise 

After averaging over the entire globe, the errors in 
the T/P observations are mostly cancelled out due 
their random nature. The errors in the computation 
of the global mean sea level change are generally 
less than 5 mm over a 10-day span (Nerem and 
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Mitchum, 2001), allowing a credible estimate for 




Fig. 4 Standard deviation of the ocean surface topography (in cm) 
computed from the data from T/P, ERS-1 and -2 (Ducet et al. 
2000 

to the slow change of the global mean sea level. 
Fig. 6 shows the comparison between the estimates 
from T/P and in-situ temperature observations 
(Cabanes et al., 2001). 

The 2.7 mm/year rise estimated from T/P is 
largely consistent with the thermal expansion of the 
global oceans over a period of eight years. 

6 Tides and Tidal Mixing 

Ocean topography changes on the order of 1 meter 
due to the tides. If not corrected for, the tidal 
signals would overwhelm most other oceanographic 
signals. Specifically designed for sampling ocean 
tides with the satellite orbit’s inclination of 66 
degrees, T/P observations have led to the 
development of the best ocean tide models. The 
accuracy of such models is better than 3 cm in an 
rms sense globally. The energy fluxes derived from 
these models revealed an unexpected finding: close 
to 30 % of the tidal dissipation occurs in the deep 
ocean (Egbert and Ray, 2001), in contrast to the old 
notion that most of the tidal energy dissipates over 
the shallow seas. Such deep ocean dissipation (Fig. 
7) is via the conversion of external tides into 
internal tides over ocean bottom topographic 
features. The tidal dissipation provides a powerful 
source of mixing in the deep ocean and is important 
to the understanding of the formation of the 
thermocline and ocean general circulation. This 
new finding has triggered a series of efforts of 
including tidal mixing in ocean models. 

7 Conclusions and Outlook 

The decade-long altimetric observations of the 
global ocean surface topography have 
revolutionized the way we study the ocean. Never 
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Fig. 5 Yearly averaged surface topography anomalies computed 
from the T/P data from 1997-2000. 



Fig. 6 Top: Global mean sea level in cm determined from T/P 
(Nerem et al., 2001). Lower: Global mean sea level from T/P 
(dotted), after being smoothed (solid), from estimation based on 
in-situ temperature data (dashed), and the residuals ( dash-dotted, 
T/P - in situ). 




before has a dynamic variable of the global oceans 
been monitored routinely over such a long period of 
time. This capability has broken new ground for 
routine estimate of the physical state of the ocean. 
The success of ocean altimetry has provided a key 
motivation for the Global Ocean Data Assimilation 
Experiment. The paradigm of oceanography has 
shifted from exploration to quantification, a crucial 
step towards the ability to make climate prediction. 
The challenge in the future is the sustenance of this 
important data stream. 

The follow-on to T/P, called Jason- 1, was 
launched on December 7, 2001. This mission has 
the same payload and flies in the same orbit as T/P. 
During the first eight months of the Jason- 1 mission, 
T/P and Jason- 1 fly over the same ground tracks 
separated in time by only 60 seconds. Comparisons 
of the two measurements taken under nearly 
identical sea conditions are extremely useful in the 
calibration and validation of Jason- 1 in an effort to 
make its measurements consistent with those of T/P 
for building a long time series record from the two 
satellites. After the completion of this Calibration 
Phase, T/P is planned to be moved to a new orbit 
that will produce ground tracks interleaving those of 
Jason- 1 (i.e., the old T/P tracks). In this Tandem 
Mission, the two satellites will be able to sample the 
global ocean with twice the spatial resolution and 
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Fig. 7 M 2 dissipation rate (in mW/m^) derived from a tide model 
constructed from the T/P data (Egbert and Ray, 2001). 

improve the knowledge of the global mesoscale 
variability as well as coastal tides. 

ESA launched ENVISAT in March, 2002. Its 
payload includes a dual-frequency altimeter and a 
dual-frequency microwave radiometer for water- 
vapor corrections. Flown in the same sun- 
synchronous orbit (in which the solar tides are 
aliased to the mean topography) as ERS-1 and ERS- 
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2, ENVISAT altimeter data will complement Jason- 
1 in a similar manner as ERS-1 and 2 did to T/P. 
Additionally, the U.S. Navy’s Geosat Follow-on 
(launched in 1998) has also been producing useful 
data along the Geosat ground tracks. 

In the long run, satellite altimetry should be part 
of an operational global ocean observing system run 
by operational agencies such as the U.S. NOAA and 
others. Before this goal becomes a reality, a 
bridging mission currently called Ocean Surface 
Topography Mission (OSTM) is being planned for 
launch in 2006 to continue the precision altimetry 
data stream towards 2010. OSTM is a 
collaborative effort among NASA, CNES, NOAA 
and EUMETSAT. It represents the transition of 
satellite altimetry from a research/development 
mission to an operational mission that will be 
conducted indefinitely in the future. As an 
experimental payload being considered for OSTM, 
a wide-swath ocean altimeter has been designed for 
measuring ocean topography over a swath of 200 
km in width at a resolution of 15 km x 15 km, 
covering nearly 100% of the global ocean surface 
between +/- 66 degree latitudes every 10 days. This 
new instrument will be able to resolve the Rossby 
radius of deformation at all latitudes and go a long 
way towards understanding and monitoring of 
eddies, fronts, and boundary currents that have not 
been properly sampled by conventional altimeters. 
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Abstract. GFO has been operational since 
November 2000 and it’s data products are available 
to the scientific community. This paper provides a 
sununary of the GFO calibration and sensor 
validation results, and presents results of sensor 
performance evaluations and accuracy of both the 
near-real time and offline Geophysical Data Record 
data products. 

Keywords. GFO, altimetry, orbit, media corrections, 
bias 



1 Introduction 

The first U.S. Navy GEOSAT Follow on (GFO) 
mission was launched on 10 February 1998 from 
Vandenberg AFB, and has been operational since 
November 2000. With an anticipated 8-year or 
more life, GFO is a DoD satellite mission managed 
by the Space and Naval Warfare Systems 
Command's (SPAWAR's) Meteorology and 
Oceanography (METOC) Systems Program Office 
(PMW 155) located in San Diego, California. The 
primary objective for the GFO Program is to 
develop an operational series of radar altimeter 
satellites to maintain continuous ocean observation 
for accurate global measurements of both mesoscale 
and basin-scale oceanography (GFO web site). GFO 
has undertaken extensive calibration and validation 
activities (CaWal I-IV) from June 1999-October 
2000. Precise and near-real time orbit 

determination relies on satellite 
laser ranging and Opnet Doppler tracking, and GFO 
is now one of the operational tracking targets for the 
International Laser Ranging Service (ILRS) 
network. The IGDR and precise orbits are 
computed by NASA/GSFC. This paper provides a 
summary of the GFO calibration and sensor 
validation results, including verification and 
improvement for the precise orbit, and media, 
geophysical, and instrument corrections. These data 
products are produced at the U.S. Navy’s 
NAVOCEANO Altimetry Data Fusion Center and 
NOAA’s Laboratory for Satellite Altimetry. GFO’s 



data products are available to the scientific 
community and are distributed by NOAA’s 
Laboratory for Satellite Altimetry. 

2 Precise Orbit Determination and 
Verification 

2.1 Precise Orbit Determination 

Shortly after launch, the onboard Turbo-star 
16-channel GPS receivers failed to track more than 
one GPS satellite on both frequencies. NASA had 
paid for a laser comer cube retroreflector (LRA) for 
satellite laser ranging (SLR) to GFO. The fact that 
the GPS receiver onboard of GFO is not fully 
operational has prompted the use of satellite laser 
ranging (SLR) tracking data for the computation of 
precise orbits (e.g., at NASA/GSFC by Frank 
Lemoine et al.). We have computed alternative 
precise orbits using SLR and crossover data 
primarily for independent accuracy verification 
purposes. The average SLR residual is around 4 cm 
rms and crossover residual is about 8 cm rms during 
the calibration, validation and operational time 
periods. Figure 1 and 2 present two examples of the 
results. GFO precise orbits (OSU orbits using the 
TEGS gravity filed model and fitted using SLR and 
crossovers) are estimated at around 5-6 cm rms 
radially, which agrees with the independent GSFC 
orbit accuracy assessment using tuned gravity field 
models. 

2.2 Verification of GFO Orbit Accuracy 

We performed 3-day crossover analysis routinely 
and geometric orbit adjustments (bias and tilt and 
once per rev) for the Opnet Doppler orbits (OODD) 
and SLR MOE orbits (GSFC). Fig. 3 and 4 show 
some of the orbit accuracy assessment results. 
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Fig. 1 Statistics on SLR and altimeter crossover RMS from OSU Fig. 3 3-day crossover analysis of GFO NGDR data (Doppler 

SLR-i-CX orbit determination, TEGS gravity model used. orbit), GFO operational cycle 19 and 20, 3 <J edit used. 
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Fig. 2 Same as Fig.l but for different time period 

After adjustment of bias, tilt and 1-CPR, we 
estimated error for the MOE/SLR orbits. The 
results are as follows: ocean-wide crossovers, 8.6 
cm rms for days 243-259 of year 2000, 9.7 cm rms 
for days 260-276, 3000 km arcs (25S-5N); 3.9 cm 
rms for days 243-259, 4.4 cm rms for days 260-276; 
1000 km arcs (15S-5S), 1.3 cm for days 243-259, 
2.3 cm for days 260-276. For OODD (Doppler) 
orbits, 1000 km arcs (15S-5S) adjustment gives: 1.8 
cm rms for days 243-259 and 1.8 cm for days 
260-276. 

We have also assessed the orbit accuracy using 
different gravity field models. Preliminary results 
indicate that the latest TEG-4 model is marginally 
better than others for GFO orbit determination and 
altimeter data analysis. Table 1 lists detail results. 

3 Altimeter Data Product Verifications 




292 295 298 301 394 396 309 312 315 318 321 
Day of the year 2001 

Fig. 4 Same as Fig.3 but for SLR MOE orbit 

We conducted an effort in the verification of the 
available GFO-1 radar altimeter data from the 
NOAA Interim Geophysical Data Record (IGDR) 
and NAVY NGDR. We have verified media and 
geophysical corrections for the GFO IGDR and 
NGDR (ionosphere, dry and wet troposphere, 
significant wave height, automatic gain control, 
attitude, attitude SWH correction, solid Earth and 
ocean tides, timing, and USO drifts). We estimated 
the GFO altimeter absolute bias, time bias, and sea 
state bias, and made an assessment of the 
radiometer delay computed using the GFO 
microwave radiometer. 
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Table 1. Results of GFO orbit determination using different 
gravity models 



Gravity Model 


CX RMS (cm) 


SLR RMS (cm) 


JGM3 


13.5 


6.0 


EGM96 


12.7 


5.6 


TEGS 


12.1 


4.3 


TEG4 


12.2 


3.3 


PGM2000A 


12.7 


5.4 


PGS7727 


11.5 


4.5 


GRIM5C1 


15.2 


6.2 



3.1 GFO Altimeter Bias 

Using SLR tracking data and altimeter crossover 
data, we estimated and assessed the accuracy of the 
NOAA IGDR and NAVY NGDR time tag, sea state 
bias and altimeter absolute bias. For most of the 
IGDR and NGDR data, the preliminary time bias 
estimated is less than 2 ms (Figure 5 and 6). The 
sea state bias is estimated using one parameter 
model (dependence on SWH) and some of results 
are shown in Figure 5 and 6. Preliminary study 
indicates that GFO-1 altimeter range bias is 
approximately -3cm relative to the T/P mean sea 
surface after sea state biases were corrected (see 
Figure 5 and 6 for some of results). 

3.2 USO Drift and SWH Offset 

Due in part to the analysis by John Lillibridge, 
David Hancock and others at Ball Aerospace, the 
USO drift correction algorithm is believed to have 
been implemented correctly. USO drift range 
correction is 15 cm since launch, which seem very 
large and is perhaps a concern (Lillibridge et al. 
2000). Preliminary results indicate GFO offsets 
with the TOPEX SWH and CTq values (Figure 7). 
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Fig. 5 Statistics of GFO altimeter data time tag error, sea state 
bias (SSB, % of SWH) and absolute range bias relative to 
TOPEX mean sea surface 
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3.3 Media and Geophysics Corrections 



Fig. 6 Same as Fig. 5 but for different time period 



GFO Microwave Radiometer measured water vapor 
delays were compared with atmospheric model 
delays (i.e., NCEP and NVAP) and TOPEX and 
ERS-2 Radiometer data. An offset of ~3 to 5 cm 
exists between GFO MWR and models and ERS-2 
and TOPEX data before the algorithm fix by C. Ruf 
at Univ. of Michigan. After the algorithm fix, 
GMR-ERS2 gives -11±31 mm differences. Detail 
results of GFO-NCEP are listed in the Table 2. 
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Fig. 7 GFO SWH and cr„ offset with TOPEX 



Table 2. GFO wet troposphere correction differences between 
GFO MWR (measured water vapor) and NCEP model 



GFO operational cycle MWR-NCEP (mm) 





mean 


rms 


2(Jan 3-19,2001) 


1.6 


25.7 


6(Mar 12-28, 2001) 


3.5 


24.2 


8(April 15-may 1, 2001) 


3.6 


25.3 


9(May2-18, 2001) 


2.1 


24.8 


13(July 9-25, 2001) 


2.3 


25.0 


15(Aug 12-28, 2001) 


2.0 


25.4 


17(Sept 15-Oct 1, 2001) 


0.10 


24.7 


20 (Nov 5-21,2001) 


-0.45 


24.8 



Table 3. Comparison results of different ionosphere models 
for GFO (Data: Dec 1999-May 2001) 



Unit: 

mm, 

mm/year 


JPL 

GIM- 

CODE 

GIM 


IRI95- 

CODE 

GIM 


IRI2001- 

CODE 

GIM 


IRI95- 

IRI200 

1 


Data 

percenta 

ge 

of 

differenc 
es within 
+ 30 


95.8 


79.1 


78.7 


98.0 
within 
+ 10 


Mean 


-2.5 


-11.5 


-13.3 


1.8 


RMS 
about 0 


14.8 


34.8 


31.0 


3.8 


Relative 

drift 


-1.1 


-1.9 


-1.4 


-0.4 



The estimated noise of the uncorrected 1 Hz GFO 
data in the form of sea surface height measurements 
(orbital height subtracting the uncorrected altimeter 
measurement) over two regions of the ocean 
(Atlantic: 330 “e to 360 “e and 20“S to 3“N; and 
Pacific: 240°E to 270“E and 20”S to 3°N) is 
approximately 19 mm rms. The corresponding 
estimated ERS-2 SSH noise is 28 mm rms, and 
TOPEX SSH noise is 10 mm. 



John Lillibridge and others (including our group) 
have uncovered a unrealistic sea level rise observed 
by the GFO data on the order of 3 cm over 60 days 
in the summer of 1999 (Lillibridge et al. 2000). We 
have provided an analysis, which indicated that 
GFO IGDR ionosphere model, IRI95, was the 
source of the problem. The GFO ionosphere 
correction is further studied by comparing with the 
TOPEX (ground truth) observed average ionosphere 
delay. Preliminary analysis indicates that the IRI95 
is in part responsible for the apparent (unrealistic) 
global sea level rise of 3 cm per 2 months. The 
correlation coefficient between sea level change and 
ionosphere correction is 0.6. Table 3 gives a 
comparison result of IRI95 and other models, 
including CODE GIM (Global Ionosphere Map). 

3.4 GFO Altimeter Noise 



3.5 GFO Absolute Calibration with GPS 
Buoy 

On March 24 and 25, 1999, we made a GPS buoy 
campaign on Lake Michigan for GFO absolute 
calibration and verification on a March 24 GFO 
descending track. Unfortunately, because of the 
satellite drift, we were some 30 km away from 
actual GFO overpass. With the cooperation of ILRS 
and the global SLR network, we have 13 stations 
tracking and 241 observations within 3 days from 
March 23 to March 25 for precise orbit 
determination. After correcting more than 2 seconds 
time tag error on IGDR data in that time period and 
using SLR and crossover data, we obtained a good 
orbit with 3.7 cm SLR rms and 7.7 cm crossover 
rms. We improved radar altimeter data, which is 
being used to calibrate with GPS buoy 

measurements. Preliminary kinematic GPS solution 
and GFO data analysis over Lake Michigan give a 
GFO range bias of 30 ± 42cm. 
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3.6 GFO Ground Track 

GFO mission was designed to retrace the Geosat 
Exact Repeat Mission (ERM) ground track to +/-1 
km. We made a ground track comparison between 
GFO and Geosat ERM over Lake Michigan and in 
the equatorial region. We found that the GFO 
ground track repeat control is within ±1 km at the 
equator. However, the GFO ground track offsets 
more with the Geosat ERM ground track away from 
the equator, due primarily to variations of the 
Geosat orbit inclination. In other words, GFO tracks 
are not exactly overlaying on Geosat ERM tracks 
primarily because of inclination differences 
between the two orbits. 




Longitude (Deg E) 

Fig. 8 GFO ground track offset GEOSAT ERM track over Lake 
Michigan 



The geophysical and media corrections are in 
general fine. Wet troposphere correction has less 
than 1cm bias and ~3 cm rms compared with NCEP 
model and ERS-2 data. Use of GIM and IRI95 
provide ionosphere correction accurate to 2-3 cm 
rms during medium to high solar activities; (5) the 
noise of the GFO altimeter data (uncorrected SSH) 
is about 15 mm, compared to 19 mm for ERS-2, 
and 12 mm for TOPEX. (6) GFO ground track 
offsets GEOSAT ERM track. 
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4 Conclusions 

We have gone through four times GFO 
calibration/validation cycle and are working on 
GFO products. Extensive work of verification of the 
GFO orbit and geophysical data record 
measurements are done. Our preliminary results 
indicate that (1) the orbit (GSFC and OSU) can be 
determined to ~5-6 cm rms radially using SLR and 
altimeter crossovers; (2) Estimated GFO MOE 
(GSFC or NRL) radial orbit accuracy is -7-40 cm 
and Operational Doppler orbit accuracy is -40-300 
cm. After bias and tilt adjustment (1000 km arc), 
estimated Doppler orbit accuracy is -1. 2-6.5 cm 
rms and MOE accuracy -1. 0-2.3 cm; (3) Time bias 
is insignificant with 0-2 ms. Sea state bias is 
-3.5-4.7% of SWH. Estimated GFO absolute range 
is 3 cm short w.r.t. TOPEX mean sea surface. (4) 
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Abstract. This paper presents the satellite altimeter 
data pre-processing and recovery of marine gravity 
anomalies from the vertical deflections using the 
inverse Vening Meinesz formula. The formulae for 
corrections of dynamic oceanic topography (DOT) 
to the vertical deflections and the model values of 
mean residual vertical deflections are derived. It 
shows that the standard deviation (STD) is about 
±3.7 ~ ±4.4 mGal by comparing the 30'x30' 
gridded gravity anomalies over sea 
area 82° S ~ 82° N , 0° E ~ 360° E with that 

measured by marine gravimeter. 

Keywords: gravity anomaly, vertical deflection 



1 Introduction 

Since the Seasat mission of 1978, global marine 
gravity anomalies with different accuracies and 
spatial resolutions have been determined from 
satellite altimetry. In these gravity derivations, 
three typical procedures (Hwang et al., 1998) are (1) 
least-squares collocation; (2) Fourier transform; 
(3)differentiating along-track sea surface heights to 
get sea surface gradients, calculating the east and 
north components of the sea surface gradient on a 
regular grid, and then recovering gravity anomalies 
using inverse Vening Meinesz formula. In the paper, 
the third procedure will be applied and the satellite 
altimeter data pre-processing presented. 
Furthermore, the corrections of DOT to the vertical 
deflections are analyzed and a new formula for the 
mean vertical deflections from a geopotential 
model derived. The quality of the derived gravity 
anomalies will be evaluated by comparison with 
shipbome gravity data over 15 sampled regions. 

2 Data pre-processing 

Firstly, the altimeter data will be stacked because 
the altimeter data are enormous and contain some 
measurement noises and unmodelled systematic 
errors. The nominal ground tracks are designed for 



the altimeter satellite so that the mean sea surface 
heights at the normal points can be interpolated 
from the altimeter data along the co-linear tracks 
by the Stacking technique (Sandwell and Smith 
1997), which will improve the accuracies and 
resolutions of the altimeter data. Secondly, the 
remove-restore procedure is applied to improve the 
accuracies of the derived gravity anomalies. 
According to the procedure, EGM96 (Lemoine et 
al., 1997) geoidal undulations to degree N are 
subtracted from the sea surface heights at the 
normal points, and EGM96 gravity anomalies to 
degree N are added to the residual derived 
gravity anomalies to obtain the final marine mean 
gravity anomalies in the end. Thirdly, a Gaussian 
low-pass filter will be designed to filter the 
gradients of the residual sea surface heights (Yale 
1995, Wang, 2001) as the simple differentiation of 
the residual sea surface heights yield or enhance 
some high frequency noises. Finally, the gradients 
of the residual sea surface heights are used to 
compute the vertical deflections at the crossovers 
and the gridded residual gravity anomalies are 
predicted using the inverse Vening Meinesz 
formula with a 1-D FFT method (Hwang C 1998). 
The above-mentioned data precessing can decrease 
the influence of the DOT, radial orbit error, 
atmospheric model error, tidal error, oceanic 
circulation influence, instrumental error. Till now it 
is a preferable way to derive the marine gravity 
anomalies from the altimeter data. 

3 Corrections of DOT to the vertical 
deflection 

Although the DOT has the character of 
long-wavelength and its influence on the vertical 
deflection is no more than ±0.3" , it can not be 
neglected for the determination of high accuracy 
gravity field. And the corrections of DOT g to the 

east 5rj and north 5^ components of vertical 
deflection can be written as (Zhang et al., 2000) 



International Association of Geodesy Symposia, Vol. 126 

C Hwang, CK Shum, JC Li (eds.). International Workshop on Satellite Altimetry 
© Springer- Verlag Berlin Heidelberg 2003 




s^ = -^ 

Rd<p 



Srj = 



1 dg 
Rco^cp 



with 






5r^ 



1 

Rco^ 



K n _ 

> > k mC 08 «^-c„>™;^Jsiqz) 

tp=Orrp{) 



Ruihua Zhang et. al. 



( 1 ) 
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cTy is the grid area in radian and can be calculated 
as 
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Where R is the mean radius of the earth, X and 
(p are the geocentric longitude and latitude, 

respectively. and are the coefficients 

of the EGM96 DOT model with degree n and order 
m, K is the highest degree of the model. 



is the geocentric longitude of the grid center; 
A/I is the grid interval in the direction of 
longitude; and are the following 

integrals, respectively. 



4 Computations of the gridded residual 
vertical deflections 



In theory, the marine mean residual gravity 
anomalies will be predicted from the residual 
vertical deflections over the whole earth using the 
inverse Vening Meinesz formula. The gridded 
residual vertical deflections over sea area can be 
obtained from the altimeter data and the reference 
field. But the mean residual vertical deflections 
over land or island often have to be supplied by a 
geopotential model, which can be calculated as 
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where the EGM96 geopotential model (Lemoine et 
al., 1997) to degree N is used as the reference field, 

{c ^ ) and are the coefficients of the model. 
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Using the following recursive relationships of 
the associated Legendre functions (Abramowitz 
and Stegun 1964), we have 

(sin (p)- ImtgcpPy^ (sin cp)+ \n{n + 1)- 
- m{m - (sin (p) = 0, m>0 (12) 



Thus 



tgpPn"' {^in (p) 

= (/(n - m){n + m + 1)^’„“'^' (sin ^)|+ 

+ ^4)j(n + n^n —m+ 1)/^“”' (sin^), m > 0 

(13) 

where 
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(14) 
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Multiplying eq. ( 13 ) by cos (p and integrating 
the equation, we get 



/I + 1 






( 21 ) 
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Referring to the recursive relationships 
(Abramowitz and Stegun 1964), we have 
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and the starting values for these recurrences can be 
written as 



thus 
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Integrating eq. (17), we have 
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Substituting eq. (15) into eq. (18), we have 
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From (Belikov 1991) the fully normalized 
recurrence relation of row-wise type solving 

integral /P„'„ is 



rp< «-l a{n,m) -j 
n + \ a\n -l,m) 

- a(n, m)l— ^ (20) 

n + l 



nb{n}){n-\) 



/I -hi 






n-2,n-2 ' 



5 Recovery of the marine residual 
gravity anomalies 

The inverse Vening Meinesz formula with a 1-D 
FFT method (Hwang, 1998) is used to compute 
the gridded residual gravity anomalies (Ag ) j . 




where 



^cos = COS^^ 
7cos =^q 



(24) 



denotes the ID FFT and is its inverse, 
Yq is the Earth's mean gravity, GM is the 
Earth's gravitational constant, y / is the 
spherical distance between the point p and q, 
is the azimuth from q to p, and are the 

north and east components of the gridded residual 
deflection of the vertical at point q, Acp is the grid 
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interval in the direction of latitude in radian, 
] is the kernel function of the inverse 

Vening Meinesz formula. 
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After the innermost effect is taken into account, 
the gridded residual gravity anomalies should be 
calculated as 



(Ag-)2=(Ag-),+JAg^ (28) 



At zero spherical distance the kernel function 
H'(aA j becomes singular and the azimuth is 

undefined. Thus we must account for the innermost 
zone effect. It can be approximated by 



6 Restoring the mean gravity 
anomalies 



SAgp=^(^^,+T},) (26) 

where 5*0 is the radius of the innermost zone, 
and rj^ can be numerically obtained by 
differentiating ^ and rf along the y and x 

directions, respectively. If the planar grid intervals 
are Ai and Ay , i.e. 

Ai = RS.X cos (p^ 

Ay = R/S.(p , 



The marine gravity anomalies ^1 the grid 

ij from the reference potential model to degree A 

(Heiskanen , Moritz 1967) can be calculated as 

2~w = ro X I" )* 

n=2 m=0^ 

+ sin (sin cp') (29) 

Therefore, the mean gravity anomalies Ag 2 ~A( at 
the grid ij from the reference potential model to 
degree N can be calculated as 



The radius of the innermost zone may be 
approximated by 



(c„«)*A^P;o + 

n=2 I 



5 

0 



AiAy 

7T 



+ >— sm — 
“hi 2 

np=l 



c) comiZj+S;;‘swmZj 



(30) 



We have the approximated representations: 



2A}3^"' 



According to the remove-restore procedure, the 
final marine gravity anomaly can be given by 

A^ = (A^)2 +A^2~v (31) 



7 Accuracy 



Where and , rj and rj are the north 

and east components of residual vertical 
deflections at the four discrete grids which are 
close to the computation point P in the y and x 
directions, respectively, and the point P is in the 
discrete grid ij. Substituting the above-mentioned 
relations into eq. (26), we get 



We have derived the marine 30'x30' gridded 
gravity anomalies over the area S^S-S^N and 
0°E~360°E from TOPEX/Poseidon, ERS-1 and 
ERS-2 altimeter data. The contour map of the 
marine gravity anomalies from the altimeter data is 
shown in Figure 1. 
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Fig. 1 Gravity anomalies over sea area 

Table 1. Information about the satellite altimeter data used in 
the present analysis 



Satellite 


ERS-1/2 


T/P 


Mission 


35-day/GM 


ERM 


Inclination angle(degree) 


98.5 


66 


Repeat period(day) 


35/168 


10 


Number of cycles 


50/2 


222 


Data duration (year) 


4.9/0.92 


6.1 



In order to evaluate the accuracy of the derived 
gravity anomalies, we compare those with the 
30'x30' ship-measured mean gravity anomalies 
over 15 sampled sea areas and the statistics of the 
result are shown in table 2. From table 2 the STD 
of difference them is ±2.8 ~ ±6.0 mGal and the 
mean value of the STD is ±4.8 mGal. 
Considering the ±2 ~ ±3 mGal accuracy of the 
ship-measured gravity anomalies, we can conclude 
that the STD of the derived gravity anomalies is 
about ±3.7 ~ ±4.4 mGal. It proves that the 
above-mentioned approaches are significant. 



Table 2. Statistics of the difference between satellite-derived 
a nd shipbome mean gravity anomalies 



Area 


Max 


Min 


Mean 


RMS 


STD 


1 


14.7 


-13.4 


-2.0 


±5.2 


±4.8 


2 


7.0 


-19.9 


-2.2 


±6.1 


±5.6 


3 


8.2 


-13.3 


-2.5 


±5.2 


±4.5 


4 


5.6 


-8.5 


-1.8 


±4.3 


±3.9 


5 


5.4 


-8.9 


-2.1 


±4.4 


±3.9 


6 


4.0 


-6.9 


-3.6 


±5.0 


±3.4 


7 


5.7 


-4.2 


-0.9 


±2.9 


±2.8 


8 


6.6 


-8.8 


-1.2 


±4.2 


±4.1 


9 


8.7 


-10.6 


-0.9 


±4.7 


±4.6 



10 


11.7 


-11.4 


-0.9 


±5.2 


±5.2 


12 


8.2 


-14.2 


-3.0 


±5.9 


±5.0 


13 


11.8 


-11.3 


-2.6 


±6.5 


±6.0 


14 


14.6 


-14.0 


-0.2 


±5.3 


±5.3 


15 


6.4 


-7.3 


-1.5 


±3.8 


±3.5 


Total 








±5.1 


±4.8 



8 Conclusion 

This paper describes the procedure and accuracy 
for global derivation of marine gravity anomalies 
from multisatellite altimetry. The formulae for 
corrections of DOT to vertical deflections and the 
model values of gridded residual vertical 
deflections are derived, which have improved the 
accuracy of the derived gravity anomalies. 
Determination of the marine gravity anomalies 
from the altimeter data is an important issue in the 
physical geodesy. From our research we can come 
to a conclusion that 

(1) the influence of the DOT on the vertical 
deflection should be taken into account in order to 
improve the accuracy of the determination of 
gravity anomalies; 

(2) the formulae for the model values of the mean 
gravity anomaly, residual vertical deflection over a 
gird in the remove-restore procedure are significant 
to improve the accuracy of the satellite-derived 
gravity anomalies; 

(3) it can decrease the radial orbit error by using 
the sea surface gradient along the ascending and 
descending arcs to compute the vertical deflections 
at the crossovers; 

(4) The gridded residual vertical deflections over 
land or unobserved area can be supplied by the 
corresponding model value when the inverse 
Vening Meinesz formula is used to derive the 
marine gravity anomalies. 

In the future further research and test are needed if 
additional data are available. 
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Abstract. To improve the space resolutions of 
vertical deflections and gravity anomaly recovering 
from altimetry data, a new method for computing 
vertical deflections is presented. At first, we 
eliminate the influence of sea surface topography 
from the mean sea surface height of altimetry data 
along ground tracks, and regard the results as 
geoidal heights. The data coordinates are then 
transformed into new Cartesian coordinates, which 
consist of a osculating tangent plane and a normal 
of the reference ellipsoid. Then, we fit a osculating 
tangent plane of the local geoid using a 
least-squares approach by minimizing the squared 
summation of the total distance between the discrete 
points and the fitting plane; this is to determinate 
the mean value of each component of the vertical 
deflections. An experiment was made in the area of 
the South China Sea. The comparisons between the 
vertical deflections determined by this method and 
those by other methods show that the precision of 
this method agrees well with those from other 
methods on 5’x5' grid. 

Keywords. Satellite altimetry, deflections of the 
vertical, osculating tangent plane, least squares 
approach. 



1 Introduction 

Along with the development of altimetry 
technology, much altimetry satellite data was used 
in working out a high resolution of oceanic gravity 
anomaly. For example, Sandwell et al. (1997) and 
Hwang et al. (1998) had computed global gravity 
anomaly by using both Geosat/GM and ERSl 
altimetry data on a 2'x2' grid, Wang et al. (2000) 
had determined gravity anomaly in the South China 
Sea by combining Geosat/GM, ERSl and T/P 
altimetry data on a 2'x2' grid, and Li et al. (2001) 
determined gravity anomaly in the Chinese seas and 
its vicinity by using Geosat/GM, ERS2 and T/P 
altimetry data on a 2.5'x2.5' grid. They all adopt the 
method of computing gravity anomaly from the 



vertical deflections at the crossovers of satellite 
tracks or along satellite tracks, which is the 
so-called “vertical deflections method”. According 
to the comparisons, this approach is the best method 
in computing a higher resolution gravity anomaly at 
present, see Huang et al. (2001). Nevertheless, 
because the vertical deflections are localized at the 
crossovers points of satellite tracks and the spatial 
distribution of crossover points is limited, it is 
difficult to recover gravity anomaly from altimetry 
data with a resolution higher than 2'. Therefore, it 
would be important to improve the arithmetic of 
computing vertical defections. At present, the 
methods used in computing vertical deflections are 
mainly the method for computing the first 
difference of mean sea surface height (or geoidal 
height) (Anzenhofer et al., 1998, Cazenave et al., 
1996), the method for computing the time 
differential coefficient along satellite tracks, the 
method computing the vector product of ascend arc, 
and descend arc of tracks (Kim et al., 1996). 

In this paper, we present a “geoid quasi tangent 
plane method (GQTPM)” to compute vertical 
deflections, which uses all valid altimetry data in 
order to increase the resolution of vertical 
deflections and recover a high-resolution gravity 
anomaly. 

2 Theory and Method of the GQTPM 

Firstly, a block is selected (the block size is equal to 
the resolution of the result). Each block is formed 
by curvilinear coordinates consisting of longitude, 
latitude and the outer normal of a reference 
ellipsoid. The origin of the curvilinear coordinates 
is at the lower left comer of the block. The 
arc-length along latitude from a data point to the 
origin O is defined as , the arc-length along 
longitude from a data point to origin O is defined as 
U 2 , and the geoidal height is defined as u^. 

The original altimetry data are geocoded in 
geodetic coordinates, which are transformed to 
Cartesian coordinates, see Fig. LA tangential plane 
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is constructed which osculates the reference 
ellipsoid at the lower left comer of block. In this 
tangential plane, the projection of the longitude 
circle is regarded as the X-axis, the projection of the 
latitude circle as the Y-axis, and the outer normal of 
the reference ellipsoid as the Z-axis. 

In this Cartesian coordinates, the X-axis is the 
projection of along the outer normal, the Y-axis 
is the projection of U 2 along the outer normal, and 
the Z-axis holds the line. 

The approximate conversion equation of two 
coordinates is. 



x = tt-Rq cos((Pq ) • 



180 






(9-<Po) 

180 



z = h 



( 1 ) 



Where, Rq is the distance between the origin and 
the geocenter, ((Pq^Aq^H) are geodetic coordinates, 
and ((p,A) are the latitude and longitude of the 
observation point. 







Fig.l Transform between the curvilinear coordinates and 
Cartesian coordinates. 



In the Cartesian coordinates, the common 
equation of a plane is Ax+By\-Cz^D=0, where A, 
B, C, D are constants. Generally speaking, D is not 



equal to zero and we can simplify this equation to 
Ax-\- By Cz~^l = 0 . 

The basic idea of this method is to use the 
osculating tangential plane to fit the geoidal heights 
in a given block, and then to denote the inner 
normal direction of the tangential plane as the inner 
normal direction of the local geoid. As such, we 
can derive the two components of vertical 
deflections as arctan (-A/C) and arctan (-B/C). 

Let be the vertical distance between the nth 
data point and the tangential plane. By this 
definition, d^is the difference of tangential plane 
and the local geoid. We can measure the degree of 
closeness between the data points and the tangent 

N 

plane by Yjd^ 

n=l 

According to the analytic geometry, the vertical 
distance between a data point and the fitting plane is 

_ {Ax + By + Cz + \) 



w u N 2 N (Ax + By + Cz + lr u AT 

We have 1: d„ = i. ^ ^ ^ — , where N 

n=l n=l 

is the total number of the discrete points. 

N 

We can denote ^d^ by f(A,B,C) . For 



convenience the notation ^ is simplified as 

W = 1 

I • 

It is assumed that, when N is sufficiently large, 
only one fitting plane satisfies the minimizing 
conditions, leading to 



/;(A,5,C) = 0,/;(A,5,C) = 0,/^(A,5,C) = 0 
where /' is the differential to /. 

With simplification we obtain 



" ^^yn + 1 ) • + 1 ) • ^ (^) 

C^Ax^ +By^ +C^ +!)• +^yn 



An additional restrictive condition is needed in 
order to solve the equations. In general, the 
tangential plane of the local geoid could not be 
perpendicular to the reference ellipsoid and hence C 
^0 . For any plane Ax + By + Cz + D = 0 with 
0, a necessary condition to have an extremum of 
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is (A, B,C,D) = 0 , which means 



f'(A,B,C,D) = - 



, (Ax + By + Cz + D) 
A^+B^+C^ 



2 A 



= 0 (4) 



That is, ^ (Ax + By + Cz + D) = 0 . Therefore, 
we have 



discrete points. This is true for the new coordinates, 
i.e. the fitting plane will also pass the new 
coordinate of geometric center (0, 0, 1). In the new 
coordinates, the equation of the fitting plane 
becomes A'x[ + B'x[ + C z' +1 = 0. This fitting 
plane are for the new and old coordinates, so we can 
use (A\B\C) to express the inner normal 
direction of the fitting plane. Coordinate 
transformation is expressed as 



AY^x„+BY^y,+cY^Z„+N = Q (5) 
and 

A^^^■B^^+C^^+\ = 0 ( 6 ) 

These formulas show that the geometric center of 

/ X w y n X w \ 

discrete points, V aa ’ / , 

should be in the fitting plane. 

For the convenience, we change coordinates from 
the old coordinates to a new coordinates, whose 

origin point is at - 1) . In this 

new coordinates, the coordinates of the discrete 
points are denoted by (x\ y\z) , see Fig.2. 




With previous statements, we have already made 
a restrictive condition (eq. (4)) , which means that 
the fitting plane will pass the geometric center of 



f 

T = X — 

•^n n jy 

, E yn 

‘ yn = yn- (7) 

1 

jy 

with 

(8) 

In the Cartesian coordinate system, 

the equations in (2) still hold. Substituting the 
expressions of x\y\z! into these equations leads 
to eq. (9). 

This is a linear-correlative equation containing 
dual-variants with a maximal exponent other than 
one. Removing NB' and B'^ terms, we get eq. 
(10), which just contains B\M and A'^ terms. 

If the coefficient of B' term is equal to zero, eq. 
(10) will become an equation containing one variant 
with a maximal exponent being square. We can 
obtain the values of A' directly according to 
known formulas, and then apply the value of A! 
to the second line of eq. (10). Finally, the values of 
B' can be obtained. If the coefficient of B' term 
is unequal to zero, we may put the dependence 
relationship between B' and A' , A'^ into the 
second formula of eq. (10) and obtain an 
equation containing one variant A' with a 
maximal exponent being cubic. Because any 
equation having one variant and a maximal 
exponent being cubic can be transformed into the 
form x^+/7x + (7 = 0, we can get all possible 
results of A' according to a known Cardan 
formula, then apply the values of A! back to the 
functional relationship between B' and A' , A'^ , 
and finally obtain the values of B' . Considering 
numerical accuracy of computer, the results of A' 
and B' obtained with above steps are just 
approximations. Regarding the values of A' , as 
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[(S ^'ny'nf • S - E • E ^y'nO- + E “ ^E • E 

+ [(X <4)' -E - <E • E - E E E - y'ny\-^'^ 
+ [E • E • (^ + E -<E • E - (E 

- E ^y'-^'n ) • E (<' - y;') • (^ + E - "«">] • 

+ [2 • (E “E (<>'«) -(E +E • ^E >'«^«> • E - y'n ^^ = ® 



(9) 



Y.^y'nZ'n ) • A' - )-B'~ X« y'n ) ' ^'" + E« y'n ) ' +X«" ~ y'n^ = « 

[-iv-X(xf-zf)].A'-^(x;y;).B'-XKz;).A'^-X(y;4)-A'B'+X^«4=o 
- XK y; ) • A' + [-^ - X(y«' - 4')] • 5' - - E(-*«^« ) ■ + E >’«^« = 0 



(10) 



the initial values of Newton-iteration, we will 
obtain the final values of A' and B' with a 
sufficient precision. If there is only one A' value, 
what we need to do is just put it into the relationship 
equation between and A' , A'\ and obtain the 
values of B' .If there is more than one A' value, 
we should apply the values of A' and B' to 
and select the proper values of A' and B' 

minimizing , and these are the final values. 

Thus, we have obtained the orientation of the inner 
normal of the fitting plane (A', 5', -1). Because 
two components of vertical deflections are defined 
on the westward and southward directions, we must 
transform the values of A' , into these two 
directions employing the following formula. 

rj = -206265 * arctan(A') 

= -206265 * arctan(5') (11) 

where rj and ^ are the eastern and western 

components of vertical deflections, respectively. 
The units are arc-second. 

3 Experiment and Comparisons 

To validate this method, we made an experiment in 
the South China Sea. Here we computed geoid 
height in the area 0-25° N, 105-122° E with 3' grid 
from the regional geopotential model IGG_SCS00A 
(Yang, 2002) complete to degree and order 3600, 
named, and interpolated it into a ExT grid, which 
will be regarded as simulated observations. In total, 
there are 1,091,913 values. Then, the two 
components of vertical deflections on a 5'x5' 
gridded computed from this model are regarded as 
standard values, which will be used for calibration 
and validation of the result computed by the 



method of GQTPM. 

Based on GQTPM, high-resolution vertical 
deflections on a 5'x5' grid are computed in the 
South China Sea, with a total of 43,829 values. 
The statistics of the results by this method are 
summarized in Table 1 . 

Tablet. The statistics of deflections of vertical, in arc-second 



Item 


n 


1 


Data Number 


43829 


43829 


Min. (arc sec) 


-41.6090 


-28.8108 


Max. (arc sec) 


65.6915 


43.9959 


Mean (arc sec) 


-6.7536 


3.9539 


Std. dev. (arc sec) 


5.0870 


4.4732 



To validate our results, we regard the parallels 
and the meridians on the 5'x5' grid as ascending 
tracks and descending tracks, and the grid points as 
the crossover points of the tracks. For comparison , 
we computed various values of vertical deflections 
by different methods, i.e. the GQTPM method, the 
first difference of geoidal height method using 
adjacent grid data (Anzenhofer et al., 1998; 
Cazenave et al., 1996 ) (for short as ‘D’ method), 
the Watts vector product method (Watts, 1984) 
(for short as ‘V’ method), and the IGG_SCS00A 
model (for short as ‘M’ method). Here, the adjacent 
grid points are used in the first difference of geoidal 
height method, parallels and meridians are used as 
ascending and descending tracks in order to obtain 
vector product of two tracks. We eliminate those 
data whose absolute differences with others values 
exceed ±3" . The statistics of the comparisons are 
shown in Table 2. 
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Table 2. The statistics of results from comparising different methods, in arc-second 





M- GQTPM 
n 1 


M-D 

n 


1 


M-V 

n 




V- GQTPM 
n 


1 


D- GQTPM 
n 


1 


>±3" 


3.02% 


2.08% 


2.74% 


2.98% 


2.77% 


1.81% 


0.11% 


0.17% 


0.38% 


0.91% 


Num. 


41960 


42369 


38460 


38569 


42076 


42427 


42893 


42859 


43403 


43404 


Max 


2.9978 


2.9969 


2.9993 


2.9968 


-2.9944 


-2.9968 


2.9802 


2.9866 


2.9952 


2.9980 


Min 


-2.9998 


-2.9996 


-2.9977 


-2.9973 


2.9990 


2.9874 


-2.9959 


-2.9669 


-2.9998 


-2.9951 


Mean 


-0.0205 


-0.034 


-0.0582 


0.2775 


-0.0269 


0.0609 


0.0014 


-0.1143 


0.0358 


-0.3400 


Std dev 


0.8913 


0.8410 


0.8549 


0.8994 


0.8633 


0.8226 


0.5054 


0.5190 


0.6014 


0.6725 


RMS 


0.8916 


0.8417 


0.8569 


0.9412 


0.8637 


0.8248 


0.5054 


0.5314 


0.6025 


0.7536 



According to the comparisons in Table 2, we can 
see that in the research area the errors of GQTPM 
method in the east-western and south-northern 
directions are -^-89 ^nd -0*84 ^ errors of 
the first difference of geoidal height method are 
±0.86 ±0.94 ^ errors of the vector 

product method are ±0.86 ±0.82 ^ 

respectively. By this token, the precisions of the 
GQTPM methods are about -0-9 . in other words, 
the precision of the GQTPM method is similar to 
those from other methods, so the GQTPM method 
is feasible and accurate. Fig.3 illustrates errors 
distribution of two components of vertical 
deflections. From these two pictures, it is obvious 
that errors distributes discretely. Fig.4 shows the 
errors histogram of two components of vertical 
deflections. From Fig. 4, most of them distribute 
between and , which are consistent 

with the rule of error distribution and shows the 
validity of the GQTPM method again. 




Fig. 3 The distributing contour map of difference of n ^ 
between deflections of vertical computed from IGG_SCS00A 
model and the GQTPM method. 
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Fig. 4 Histogram of errors between IGG_SCS00A model and the 
GQTPM method, (a) Histogram of east-west component of 
vertical deflections, (b) Histogram of south-north component of 
vertical deflections. 



4 Conclusions 

During the past decades, there are plenty of 
altimeter missions providing abundant and valuable 
data for the geophysical, geodetic and 

oceanography applications. Because s accurate and 
detailed vertical deflections over the ocean are basic 
data for various applications, it has attracted more 
and more attention. The gridded values of vertical 
deflections determined by the method of GQTPM, 
as a whole, reflect correctly the distribution of 
vertical deflections in the research area. 

Comparisons with other methods show that it is 
feasible and accurate for computing vertical 
deflections. 

In the raw satellite altimeter data, ground tracks 
of different cycles do not repeated entirely, there 
exists a distance between each ground track and the 
mean track of all tracks. Therefore, in fact, the data 
points are distributed in a zone along ground tracks. 
When we combine multi-satellite altimeter data, in 
the region near mean tracks of all satellite’s ground 
tracks, data will be distributed discretely and will 
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exceed the total number of the crossover points and 
normal points. With GQTPM, we can compute 
vertical deflections directly from the discrete data, 
without co-line computation for informing linear 
track. Theoretically, we can determine vertical 
deflections not only at the crossover points and 
normal points but also at the region between 
crossover points using GQTPM. As a result, it can 
be used to recover vertical deflections and from 
altimetry data gravity anomalies with a higher 
resolution. 
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Abstract. Gravity anomalies over shallow waters 
are useful in many geodetic and geophysical 
applications. This work compares three methods of 
gravity anomaly derivation from altimetry over 
shallow waters near Taiwan: (1) compute gravity 
anomalies by LSC using along-track, differenced 
geoidal heights and height slopes, (2) compute 
gravity anomalies by least-squares collocation (LSC) 
using altimeter-derived along-track deflections of 
vertical (DOV), and (3) grid along-track deflections 
of vertical by LSC and then compute gravity 
anomalies by the inverse Vening Meinesz formula. 
A nonlinear filter with outlier rejection is applied to 
along-track data. We used altimeter data from 
Seasat, Geosat, ERS-1, ERS-2 and 
TOPEX/POSEDION missions. Retracked ERS-1 
waveforms are shown to improve the accuracy of 
estimated gravity anomalies. For the three methods, 
the RMS differences between altimetry-derived 
gravity anomalies and shipbome gravity anomalies 
are 9.96 (differenced height) and 10.26 (height 
slope), 10.44 and 10.73 mgals, respectively. The 
RMS differences between shipbome gravity 
anomalies with gravity anomalies from retracked 
and non-retracked ERS-1 waveforms are 11.63 and 
14.74 mgals, indicating retracking can improve the 
accuracy. 

Keywords. Altimetry, gravity anomaly, collocation, 
inverse Vening-Meinesz, retracking 



1 Introduction 

Coastal gravity data from satellite altimetry have 
been very useful in practical applications such as 
coastal geoid modeling and offshore geophysical 
explorations, see, e.g., Hwang (1997), Andersen and 
Knudsen (2000). Recent global altimeter-derived 
gravity anomaly grids by, e.g., Sandwell and Smith 
(1997), Andersen et al. (2001), and Hwang et al. 
(2002), show that the accuracies of estimated 



gravity anomalies range from 3 to 14 mgals, 
depending on gravity roughness, data quality and 
areas of comparison. These papers made their 
comparisons with shipbome gravity anomalies 
mostly in the open oceans. Over shallow waters, 
altimeter data are prone to measurement errors and 
errors in geophysical corrections. For example, 
Deng et al. (2002) shows that within about 10 km to 
the coastlines, altimeter waveforms are not what the 
onboard tracker has expected and use of ocean 
mode product altimetry leads to error in range 
measurement. The footprint of a radiometer is also 
large enough to make the water vapor contents 
measurement near shores highly inaccurate, 
yielding bad wet tropospheric corrections. Large 
tide model errors and large wave heights, among 
others, add to the problem of poor quality in 
altimeter data over shallow waters. Worst still, there 
is no data on land for near-shore gravity 
computation and this poses a theoretical problem in 
transformation of functionals of the earth’s gravity 
field (for example, transforming gravity anomaly to 
geoid requires global integration). Thus, gravity 
anomaly prediction over shallow waters has been a 
challenging task, due mainly to both data and theory 
problems. 

In view of these problems, this paper compares 
three methods of gravity computation from 
altimetry, and investigate the effect of waveform 
retracking on accuracy of estimated gravity 
anomaly. A method of outlier removal in altimeter 
data based on a nonlinear filter is also discussed. 
The test area is over shallow waters near Taiwan. 
Fig. 1 shows the bathymetry near Taiwan based on 
the ETOP05 depth grid. The waters west of Taiwan 
is a part of the east Asia continental shelf with 
depths less than 200 meters, while the waters east of 
Taiwan is deep due to the subducting Philippine Sea 
Plate. 
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where i is index. Using differenced height has the 
same advantage as using along-track DOV in terms 
of mitigating long wavelength errors in altimeter 
data. To use differenced height for gravity 
estimation, one may employ the least-squares 
collocation (LSC) (Moritz, 1980). First, the 
covariance function between two differenced 
heights is 

cov[dj ,dj)= cov(/z,+i - hj , - hj ) 

= cov(/!;+i , /!,+i ) - cov(/!;+, ,hj)~ coy[hf , ) + cov(/i; , )(3) 

The covariance function between gravity 
anomaly and differenced height is 

co\{Ag,di ) = cov(A^, - hi ) 

= cov(A^,/j,+i)-cov(Ag,/;,) (4) 




We go one step forwards by using “height slope” 
defined as 



lie 120 122 124 

Fig. 1 Contours of sleeted depths around Taiwan, unit is meter 



2 Three Methods of Gravity Anomaly 
Computations 

2.1 Method of Singly Differenced Height 

It has been shown by, e.g., Hwang and Parsons 
(1995), Sandwell and Smith (1997), that use of 
along-track deflection of the vertical (DOV) for 
derivation of gravity anomaly from altimetry can 
reduce the effect of long wavelength errors in 
altimeter data. A typical long wavelength error is 
orbit error. In using DOV satisfactory result can be 
obtained without crossover adjustment of SSH, and 
this is especially advantageous in the case of using 
multi-satellite altimeter data. Along-track DOV is 
defined as 






hi+i-hi 



(5) 



where is the distance between points associated 
with hi and . The needed covariance functions 
are then 



coYiZi . Xj ) = cov(fif, ,dj) 



SiSj 



( 6 ) 



cov{Ag,Zi) = —cow{Ag,di) 



(7) 



ds 

where h is geoidal height obtained from subtracting 
dynamic ocean topography from sea surface height 
(SSH), and is the along-track distance. The 
problem with (1) is that DOV can only be 
approximately determined because along-track 
geoidal heights are given on discrete points. A data 
type similar to along-track DOV is differenced 
height defined as 

di = /z,+i - hi (2) 



The spectral characteristics of height slope are 
the same as DOV and gravity anomaly as they are 
all the first spatial derivatives of earth’s disturbing 
potential. The advantage of using height slope is 
similar to that of using differenced height in terms 
of error reduction. 

With differenced height or height slope, gravity 
anomaly can be computed using the standard LSC 
formula 

Ag = C,i(C,+C,)-h (8) 

where vector / contains differenced heights or 
height slopes, Ci and are the signal and 
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noise parts of the covariance matrices of /, and C^i 
is the covariance matrix of gravity anomaly and 
differenced height or height slope. Differenced 
height or height slope can also be used for 
computing geoidal undulation: one simply replaces 
C^i by the covariance matrix of geoid and 

differenced height or height slope in (8). 
Furthermore, for two consecutive differenced 
heights along the same satellite pass, a correlation 
of -0.5 exits and must be taken into account the C„ 
matrix in (8). 

2.2 Method of Least-squares Collocation 
with Geoid Gradients 



The inverse Vening Meinesz formula reads: 

COS + /7p sin )da^ 

where p is the point of computation, is the 
normal gravity, and 77^ are the north and east 
components of DOV, is the azimuth from point 

q to point p, and H* is the kernel function defined 
by 



This method uses along-track DOV defined in (1) 
and the LSC method for gravity anomaly derivation 
(Hwang and Parsons, 1995). For this method, the 
covariance function between two along-track DOV 
is needed and is computed by 

Cee=CnCO%{a -a )cos(« -a ) + 

p q 

^mm sin(a^^ -apg)sm(a^^ -«p^) 



where anda^ are the azimuths of DOV at 

point p and q. respectively, and Cn and are 
the covariance functions of longitudinal and 
transverse DOV components, respectively and 
is the azimuth from p to q. The covariance 

function between gravity anomaly and along-track 
DOV is computed by 

C^ge =cos(a^^^ -0!qp)Ci^^ (10) 

where is the covariance function between 

longitudinal component of DOV and gravity 
anomaly. and are isotropic functions 

depending on spherical distance only. With these 
covariance functions, gravity anomaly can be 
computed by LSC as in (8) using along-track DOV 
for / and covariance matrices computed with 
and for and C^i . For the detail of 

this method, see Hwang and Parsons (1995). 

2.3 Method of Inverse Vening Meinesz 
Formula 

This method employs the inverse Vening Meinesz 
formula (Hwang, 1998) to compute gravity anomaly. 



H' = -- 



'pq cos^3 + 2sin^ 

2 2 



2 sin 



2 sin 



1 + Sin — — 



( 12 ) 



where is the spherical distance, see also Fig. 2. 

In the practical computation, the ID FFT method is 
used to implement the spherical integral in (11). For 
the ID FFT computation, the two DOV components 
g^ and rj^ are prepared on two regular grids. We 

use LSC to obtain g^ and 77^ on the grids 
along-track DOV by LSC, see also Hwang (1998). 



North Pole 




Fig. 2 Geometry for the inverse Vening-Meinesz formula 



3 Use of Retracked ERS-1 Data 

Zwally and Brenner (2001) and Deng et al. (2002), 
among others, have shown that altimeter range 
measurement near shores are corrupted but can be 
corrected by retracking the returned waveforms of 
altimeter. Waveform retracking uses an analytical 
function to fit the returned waveforms and then to 
determine the most appropriate epoch that should be 
used to calculate the travel time between the 
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altimeter and sea surface, thereby determining the 
best possible rang. In general the onboard software 
has such a tracking capability but it is only suitable 
for ocean-like waveforms. Other details of 
waveform retracking can be found, in, e.g., Zwally 
(2001) and Deng et al. (2002). 

In order to see whether retracked waveforms 
will improve gravity accuracy over shallow waters, 
we obtain ERS-1 waveforms from European Space 
Agency. The data period is from July 28, 1993 to 
June 2, 1996, covering ERS-1 phases C, E, F and G. 
The data distribution is shown in Fig. 3. This data 
set is also used in Anzenhofer and Shum (2001). 
We used the same algorithm as used in Anzenhofer 
and Shum (2001) to retrack ERS-1 waveforms. 
The waveforms are approximated by the 
five-parameter function 

y,= + = (13) 

Pa 

where n is the waveform sequence, P is the error 
function, ’s are parameters to be determined and 
Q is defined as 



110 ' 112 ’ 114 ’ 116 ' 116 * 120 ’ 122 * 124 126 * 126 ' 




110 ’ 112 ’ 114 * 116 ’ 116 ’ 120 ’ 122 124 * 126 * 126 ' 

Fig. 3 Distribution of ERS-1 waveform data 



f 0 for n< 0.56 a 

Q = \ 

\n-{p^+0.5p^) for n>p^+0.5p^ 

Fig. 4 shows an example of waveforms and the 
approximating function and Fig. 5 shows the 
corrections of ranges by retracking. AS seen in Fig. 
5, the corrections due to retracking are large near 
coastal line and small in the open oceans. 
Retracking also improves the estimate of significant 
wave height and in turn improves sea state bias. 



700.0 



500.0 



300.0 



100.0 



- 100.0 




Fig. 4 Waveforms from a segment of pass 163, Cycle 11 of the 
ERS-1 Phase C mission and the approximating function. 
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Fig. 5 Correction due to retracking along pass 163, Cycle 11 of 
the ERS-1 Phase C mission, as a function of latitude. Pass 163 
approaches coasts at latitude near 24°N. 

4 Removing Outliers 

Outliers in data will create a damaging result. 
Methods for removing outliers in one-dimensional 
time series are abundant in literature, see, e.g., 
Kaiser (1999), Gomez et al. (1999) and Pearson 
(2002). In this paper we use an iterative method to 
remove outliers in along-track altimeter data. 
Consider height or differenced height as a time 
series with along-track distance as the independent 
variable. First, a filtered time series is obtained by 
convolving the original time series with the 
Gaussian function 



f(x) = e (15) 

where (7 is the 1/6 of the given window size of 
convolution. The definition of Gaussian function is 
the same as that used in GMT (Wessel and Smith, 
1995). For all data points the differences between 
the raw and filtered values are computed, and the 
standard deviation of the differences is found. The 
largest difference that also exceeds three times of 
the standard deviation is considered an outlier and 
the corresponding data value is removed from the 
time series. The cleaned time series is filtered again 
and the new differences are examined against the 
new standard deviation to remove a possible outlier. 
This process stops when no outlier is found. 

We choose pass d64 of Geosat/ERM, which 
travels across Taiwan, to be used for the test of 
outliers detection. Fig. 6 shows the ground track of 
pass d64 and Fig. 7 shows the result of outlier 
removing. In Fig.7, we clearly see that erroneous 
differenced heights are successfully removed 
(discrete points) after outlier detection with a 28-km 
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window. For the non-repeat satellite mission such as 
Seasat, ERS-l/gm and Geosat/gm, we do outlier 
detection as well as filtering for the differenced 
heights with a 14-km wavelength in order to reduce 
the data noise. There is no need of filtering for the 
differenced heights from the repeat missions 
because their data noises will be reduced due to 
time averaging. As an example, we choose pass all 
of Geosat/GM for testing outlier removal and 
filtering. .Fig. 8 shows the ground pass a27 and 
Fig. 9 shows the result. Again, our algorithm 
removes outliers and filter the data successfully. 

IIP' iir i»‘ 




I I 

,..L ^ _ 1,^ 

lip' IIS’ 12Q!' IS* 

Fig. 6 The ground track of pass d64 of Geosat/ERM 




Latitude (degree) 



Fig. 7 Raw data points (red) and outliers (green) detected with a 
28-km window for pass d64 of Geosat/ERM. 
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Fig 9: Raw data points (blue) and filtered and outlier-free 

points (red) using a 14-km window for pas a27 of Geosat/gm. 



5 Altimeter Data and Results 

We use altimeter data from Seasat, Geosat 
ERS-l/GM, ERS-1, ERS-2 and 
TOPEX/POSEIDON missions for testing the three 
methods. Table 1 summarizes the missions and data 
characteristics. The orbits and geophysical 
correction models associated with these data are the 
most up-to-dated. For example, the Geosat data 
are based on the JGM-3 orbits. Theses data have 
different noise levels, which work as weights in 
ESC computations. In all computations, the 
standard remove-restore procedure is employed. In 
this procedure, the long wavelength part of 
altimeter-derived data (differenced height, height 
slope or DOV) implied by the EMG96 geopotential 
model (Lemoine et al. 1998) to degree 360 is 
removed. With the residual data, the residual gravity 



anomaly is computed and finally the gravity 
anomaly implied by the EMG96 model is restored. 
The needed isotropic covariance functions are 
computed using the error covariance of EGM96 and 
the Tscheming/Rapp Model 4 signal covariance 
(Tscheming and Rapp, 1974). All needed 
covariance functions are tabulated at an interval at 
of 0.0 r. The local covariance values in a prediction 
window are scaled by the ratio between the data 
variance and the global variance. 



Table 1. Altimeter data used 



Mission 


Repeat 
Period (day) 


Data 

duration 


Cross-track sapcing 
(km) 


Seasat 


no 


78/8-78/11 


165 


Geosat/GM 


no 


85/03-86/09 


4 


Geosat/ERM 


17 


86/11-90/01 


165 


ERSl-/35d 


35 


92/04-93/12 

95/03-96/06 


80 


ERS-l/GM 


no 


94/04-95/03 


8 


ERS-2/35d 


35 


95/04-98/10 


80 


T/P 


10 


92/12-00/06 


280 



For the gravity grids from methods 1 and 2, a 
further filtering be 2 2-D median filter improved the 
result. Table 2 shows the results of such filtering. 
Based on the testing result for method 2 in Table 2, 
we decide to use 16 km as the filter parameters. 

To evaluate the accuracy of the gravity anomalies 
derived from three different methods mentioned, we 
made comparisons between the predicted and 
shipbome anomalies in the Taiwan Strait area. 
These shipbome gravity anomaly data are from Hsu 
et al. (1998) and a pointwise comparison was made 
for them. The ship tracks are shown in Fig. 10. The 
number of ship-data used in the comparisons is 
1028. Table 3 shows the result of the comparisons. 
The gravity grid from method 1 has a slightly better 
accuracy than those from the other two methods. 
Table 4 shows a comparison of gravity accuracies 
from retracked and non-retracked ERS-1 data. From 
Table 4 the retracked solution is better than that 
with non-retracked solution in the estimation. 



Table 2. RMS differences (in mgals) between predicted and 
shipbome gravity anomalies using different filter parameters 
over the Taiwan Strait. 



Filter parameter 


RMS 


No filter 


11.2687 


Filter wavelength = 8 km 


10.8739 


Filter wavelength =16 km 


10.4353 


Filter wavelength = 24 km 


10.5682 
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Table 3. Statistics of differences (in mgals) between 
altimeter-derived and shipborne gravity anomalies 



Method 


Mean 


RMS Minimum Maximum 


(1) LSC (differenced 8.02 


9.96 -12.21 


24.84 


height) 
(1) LSC 


7.94 


10.26 -9.39 


28.96 


(height slope) 
(2)LSC (DOV) 


7.70 


10.44 -10.97 


29.38 


(3) inverse Vening 7.59 


10.73 -14.88 


29.37 


Meinesz (DOV) 









119* 119* 1?1’ 1-25J' 




119* Ilf* »«* 1^* 122* 

Fig. 10 Distribution of shipborne gravity data in Taiwan Strait 
area. 



Table 4. Statistics of differences (in mgals) between 
altimeter-derived and shipborne gravity anomalies in case of 
using and not using retracked ERS-1 waveforms 





Mean 


RMS 


Minimum 


Maximum 


Before 


-4.86 


14.74 


-41.62 


32.71 


retracking 










After 


-6.09 


11.63 


-41.08 


19.82 


retracking 











6 Conclusions 

This paper compares three methods of gravity 
anomaly derivation from altimetry data and use 
retracked ERS-1 waveforms over shallow waters. 
The use of differenced geoidal heights produced the 
best accuracy over Taiwan Strait. An iterative 
method to remove outliers in along-track altimeter 
data improves altimeter data quality and improves 
the accuracy of predicted gravity anomaly. 
Retracked ERS-1 height also improves the 
gravity anomaly accuracy. Use of along-track 



DOV with ESC yields a better result compared to 
the result from the inverse Vening Meinesz formula. 
However, the inverse Vening-Meinesz formula with 
ID EFT is the fastest methods among the three. 
Future studies will focus on shallow waters over the 
Yellow Sea, East China Sea, South China Sea and 
Southeast Asia. 
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Abstract. Ocean satellite altimetry-implied free-air 
gravity anomalies have had the shortest 
wavelengths removed during the processing to 
generate the optimal solution between multiple 
radar altimeter missions. ERS-1 168-day mission 
altimetry was residualized to a reference geoid 
surface generated by integrating Anderson and 
Knudsen’s free-air gravity anomalies for the 
Barents Sea. The altimetry tracks were reduced and 
filtered to extract the shortest wavelengths (between 
4 and 111 km) from both ascending and descending 
tracks, respectively. These data were recombined 
using existing quadrant-swapping techniques in the 
wavenumber domain to generate a correlated, high 
frequency gravity field related to the local geologic 
sources. This added-value surface adjusted the 
reference free-air gravity anomalies to better reflect 
features in the gravity field at a wavelength related 
to the distance between altimetry ground tracks. 

Keywords. Altimetry-implied gravity anomalies, 
ERS-1, Barents Sea 



1 Introduction 

Satellite radar altimetry has been widely used to 
extract free-air gravity anomalies (FAGA) for all 
ice-free ocean areas (Anderson and Knudsen 1998; 
Kim 1996; Rapp and Yi 1997). Each author has his 
own technique that has resulted in different FAGA 
estimations using the same altimeter data sets. 
Some criteria that authors use may eliminate or 
greatly reduce the weighting for altimeter 
measurements obtained near the coastal areas or in 



shallower seas. This is based on quality assessment 
of the altimetry under those conditions. In addition, 
all available data sets have been incorporated into 
many of these analyses employing various 
weighting schemes to account for varying quality 
between data collected during different missions 
(e.g., Geosat, ERS-1, Topex/Poseidon, etc.). 

These schemes often can not take into account the 
geologic sources that generate the FAGA signal. 
Primarily, the data are reduced based entirely upon 
a numerical approach. Therefore, an approach is 
offered here that assesses geographically adjacent 
profiles to determine the similar static components, 
which are assumed to be from geological sources. 
To that end, profiles that have the closest spacing 
between tracks are desired, because they generate 
the best between track resolution i.e., they could 
contain FAGA signals at double the spacing). 
Geosat altimetry from Geodetic Mission(GM) has a 
much better between track spacing (3-4 km at the 
equator) than the combined ERS-1 168-day 
missions (8 km at the equator). It is usually 
desirable, therefore, to use Geosat to estimate the 
shorter wavelengths of the Earth's gravity field and 
all available data for the longer wavelengths. 

To eliminate long wavelength orbit errors 
inherent in the satellite radar altimetry, a remove- 
and-restore technique (Basic and Rapp 1992) is 
used to reduce the altimetry to a reference geoid 
determined from available global FAGA data sets. 
The reduced profiles may then be filtered to remove 
remaining long wavelength aspects. Although the 
assumed reference FAGA will likely have an 
unknown bias and tilt with respect to the geoid, 
these will be assumed negligible with respect to the 
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determination of the higher frequency gravity field. 
Additionally, quadrant-swapping techniques (Kim 
et al. 1998) were used to eliminate long wavelength 
errors. 

In general, it is assumed that the geologic sources 
that have a spatial anomaly larger than the track 
spacing will be detected in the residual altimetry 
along adjacent tracks. We use this signal to 
determine the high frequency component of the 
Earth’s gravity field. The original reference FAGA 
is enhanced by the re-addition of this residual field. 
As a result, we are better able to define geologic 
features as small as 10 km in wavelength for some 
regions. 

2 Altimetry-Implied Free-air Gravity 
Anomalies 

There are two primary approaches to the generation 
of FAGA from altimeter data. Both rely upon the 
fact that the ocean surface is a relatively good proxy 
indicator of the geoid undulation surface. 

The first approach involves taking the along track 
derivative and interpolating this to intersection 
points to estimate the deflection of the vertical, that 
can be directly created to the desired FAGA 
(Sandwell and Smith 1997). The advantage to 
taking the along track derivative is that the long 
wavelength orbit errors are de-emphasized. 

Another approach (Kim 1996) uses the altimetry 
to directly calculate a geoid undulation and then 
determine the FAGA from the geoid surface. The 
inherent problem of orbit errors is reduced in the 
following two ways. The residual profiles are 
geographically ordered and compared to extract the 
most correlative static elements, which are assumed 
to have common crustal sources (Kim 1996). This 
process is repeated for all pairs within each track 
mode (ascending and descending). The final two 
grids reflect residual orbit errors, as well as track 
noise. 

The second means of reducing track noise is 
discussed in Kim et al. (1998). In each grid, two 
quadrants will have minimal noise. Due to 
orthogonality, the quadrants with minimal noise for 
the grids derived from different modes will be 
opposite. Therefore, it is possible to retain the two 
least noisy quadrants from each grid’s spectral 
amplitude plot and combine them into one spectrum. 
This may be inversely transformed to generate a 
merged geoid undulation with minimal errors. 



which have been referred to as a corrugated 
Anderson and Knudsen (1997) effect. 

The resulting geoid undulation grid is then used 
to generate the desired FAGA, essentially by taking 
the first vertical derivative. The advantage of this 
approach is that long wavelength errors are reduced 
first, and then minimized further by taking the 
vertical derivative. In addition, Kim (1996) 
removed the OSU91A geoid undulation values from 
the altimetry and later restored the OSU91A FAGA 
to the final grid of residual FAGA data that were 
derived from the residual altimetry. It has been 
previously shown by Rapp et al. (1991) that use of 
this remove-and-restore technique generates a valid 
solution. 

The enhancement techniques discussed in the 
next section are a variant on the second approach 
and are outlined in the flowchart in Figure 1. The 
principle difference is that reference geoid and 
FAGA data are utilized, which have information at 
shorter wavelengths (less than 20 km) than those 
from 360° coefficient models. 

3 A Case Study of Barents Sea 

The approach outlined in Figure 1 was implemented 
with altimetry from the ERS-1 168-day mission and 
a reference FAGA grid from Andersen and 
Knudsen (1998) (KAFAGA). There are some 
bias/tilt differences between KAFAGA data and 
other data sets (Sandwell and Smith 1997). 
However, they do provide an excellent reference for 
FAGA data for the shorter wavelengths that are of 
primary interest here. KAFAGA were derived from 
multiple altimetry data sets, which have been shown 
to be reliable down to a range of 20 - 50 km 
wavelengths depending on location (Yale et al. 
1995). 
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Fig. 1 Flowchart of the satellite radar altimeter data analysis. 
Various processing steps are necessary to generate enhanced 
free-air gravity anomalies. Ultimately, the long wavelength 
component of the reference FAGA data is combined with the 
short wavelength data from the radar altimetry 

KAFAGA were used to generate a reference 
geoid undulation grid by use of a 2-D FFT 
transform provided by Dr. D. Smith of the National 
Geodetic Survey. Reference undulation profiles 
were generated by interpolating the reference 
undulation grid to the 1/10 second altimeter ground 
point locations. The upper diagram in Figure 2 
shows a reference undulation profile (dashed) and 
an observed altimeter profile (solid) over the same 
ground points. It can clearly be seen that there are 
long wavelength discrepancies between these two 
profiles, which may be attributed to residual orbit 
errors and tilt errors in the reference model. The 
lower diagram in Figure 2 shows that the 
differences are primarily long wavelength, along 
with spikes and very high frequency features. 
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Fig. 2 Comparison of altimeter (solid) and reference geoid 
(dashed) derived profiles (top) and the difference between them 
(bottom). Differences are primarily due to long wavelength 
(111+ km) errors, spikes, and higher frequency features that 
represent both noise and crustal signals. Profile shown is ERS-1 
168-day mission track 24168 and is sampled roughly every 660 
meters. 










The latter may contain both observation noise and 
real signal, but features containing signals at 
wavelengths shorter than the Nyquist frequency of 
the track spacing will appear only as noise. A band 
pass filter of the residual profile between 4 and 111 
km was applied to remove the apparent orbit errors 
in the altimetry and unresolvable features. The 
lower end (4 km) is dependent on the track spacing 
of the altimetry data being used (ERS-1 or 
GEOS AT), while the upper end (111 km) was 
selected to pick a level where the signal present in 
the reference FAGA (KAFAGA) is deemed reliable. 
When the long wavelength differences and spikes 
were removed by filtering, the two profiles 
compared at roughly 100%. These profiles are 
separated into two groups according to whether they 
were collected during the ascending or descending 
modes of the altimeter passes. Within each such 
grouping, the tracks are ordered geographically to 
place them in west to east order. 

Adjacent track pairs are then interpolated into a 
power of two and Fourier transformed into the 
wavenumber domain. The individual wavenumber 
components between each pair of neighboring 
tracks are correlated based upon their phase 
difference. Small phase differences imply 
wavenumber components that are strongly 
correlated and which may be derived from the same 
geologic features. The cosine of the phase 
difference gives the coefficient of correlation (CC) 
of each wavenumber pair. The effect on the overall 
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power of selectively removing those wavenumbers 
that have progressively higher correlations is 
plotted, and a critical cutoff point is established 
where the power drop off of the passed 
wavenumber components becomes very steep. 

This cutoff CC (CCk) is used to pass maximum 
power while removing those wavenumbers that 
correlate the least. The elimination of these 
wavenumbers occurs independently depending on 
whether they correlate better or worse than the 
cutoff CC (notch filtering). The remaining 
wavenumbers are then inversely transformed to 
reconstruct the track pair. The two profiles are 
averaged to produce a least squares estimate of the 
common signals and assigned to the median 
locations of the original two profiles. 

These averaged profiles then most nearly 
represent residual geoid undulation profiles for an 
ascending or descending direction. To remove 
directional effects a quadrant swapping method 
(Kim 1996; Kim et al. 1998) is utilized instead of a 
crossover adjustment. This method helps to reduce 
the corrugated effect associated with residual track 
line bias when gridding. The two separate data 
modes are gridded and inversely transformed to 
generate Fourier spectra. The effects of the 
individual track directions are apparent as a band in 
the quadrants orthogonal to the mode directions 
(e.g., a band would appear in the upper-left and 
lower-right quadrants of the amplitude spectrum for 
descending data, which would pass through the 
upper-right and lower-left quadrants in the data 
domain). By retaining the two relatively 
uncontaminated quadrants from each data mode, a 
composite Fourier spectrum may be generated. This 
composite spectrum is then inversely transformed to 
generate a final residual geoid undulation grid 
(Figure 3). The residual geoid undulation may now 
be transformed into a residual FAGA grid (Figure 
4) through application of the fundamental equation 
of geodesy as expressed in a Fourier transform 
(Kim 1997; Schwarz et al. 1990). 



Fig. 3 Residual geoid undulations for the Barents Sea test area 
derived from processed altimetry. Attributes listed for the map 
include the amplitude range AR of minimum, maximum, the 
amplitude mean AM, the amplitude standard deviation ASD, the 
amplitude unit AU, and grid interval GL 



Fig. 4 Residual free-air gravity anomalies for Barents Sea test 
area derived from the geoid undulations in Fig. 3. 

This final residual FAGA grid contains 
information nominally between the 4 and 111 km 
wavelengths. However, the radial power spectrum 
of the residual FAGA in Figure 4 reveals a 
significant drop at a 13 km wavelength. When a low 
pass filter of 13 km is applied to the residual FAGA, 
the resulting 13 km filtered grid (Figure 5) 
correlated with a CC of 0.999 with the original. 
This suggests the data have an actual resolution of 
13 km and seem to support the analysis of features 
of that size and larger. For comparison, the radial 
power spectrum of KAFAGA suggests that the data 
have been filtered to about 27 km. To exemplify the 
features that are re-captured from the ERS-1 
altimetry for incorporation in the enhanced FAGA, 
low pass filters were also applied at 27 km (Figure 
6) wavelength. These grids correlated with the 
original at 0.864. The grid shown in Figure 6, which 
has a similar spectral character to KAFAGA, 







7JJ 



7,1j0 



74J 



74j0 

44.0 F. 
AR--0.338A335 



O.K) 
O.iJO 
lUO 

-4UO 
-0 30 
-JU.JO 

46.0 E 4«/l E 30X> E 
AM -0.085 AS£>» 0.095 AU-rtwcm Gl-rX!i4E 




76jOK 



44.0 F. 46.0 E 4K.OF. 50.0 R 

AR ■ - 1 .365. 1 .47 1 AM = 0. 1 39 AS1> = 0 43 1 AU ^ mgali. Gl - I 4*E 



70 




Enhanced Free-air Gravity Anomalies by Satellite Radar Altimetry 



appears much smoother than that of the original 
residual FAGA. 




AR = AM - QL130 ASD *0.427 AU - m^al^ G1 * I N x 4 E 

Fig. 5: Residual free-air gravity anomalies from Fig. 4 with a 13- 
km low pass filter applied. 
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Fig. 6: Residual free-air gravity anomalies from Figure 4 with a 
27-km low pass filter applied. 

While features present in Figure 4 may represent 
unwanted noise, it is now possible to filter the 
results to levels that may highlight existing signal 
and minimize the noise short of the original filtering 
level. 

Similar results were obtained using proprietary 
data for other regions (Roman 1996; Roman and 
von Frese 1998). A known 12-km feature in the 
Gulf of Mexico was highlighted using these 
techniques. The feature was obscured by the noise 
when the processed FAGA were low pass filtered 
below about 10 km and removed completely when 
filtered at more than 18 km. 

4 Conclusions 



Available global Free-air gravity anomaly (FAGA) 
data sets can be enhanced using altimetry data. The 
long wavelengths of the resulting enhanced FAGA 
will take on the same character as the selected 
global FAGA data, while the shorter wavelengths 
will be enhanced by the incorporative geologic 
signal implied by geographically adjacent altimeter 
profiles. This added- value approach permits the 
user to highlight smaller features that may only be 
decipherable at limited wavelengths due to noise 
and filtering. Because it uses existing data sets to 
build upon, it does not require the regeneration of 
an entire grid and simplifies the requirements for 
updating a region for recent observations. 

Additionally, this approach could be adapted for 
use with airborne FAGA profiles. These data are 
being collected in numerous regions along sub- 
parallel tracks with tracks spacings that may be 
sufficient for this approach (e.g. 3 km). These data 
could be reduced with respect to a reference FAGA 
data set and geographically adjacent profiles 
correlated to extract the component related to the 
static geologic signal. The benefits to this type of 
application would be that orbital and tidal problems 
would be eliminated, and the FAGA signal could be 
directly determined instead of using the sea surface 
as a proxy indicator of the gravity field (i.e., the 
geoid). Difficulties may arise around the near 
simultaneity of the observations (modeling of 
dynamic effects would have to be better to remove 
these) and the observation noise and elevation 
levels of the airborne survey. 
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Abstract. The mean sea level is processed from 
Topex altimetric measurements collected on the 
Algerian coasts (on the South West of the 
Mediterranean Sea) over a three months period 
(April 20 to July 28, 2000). 

The model used, based on the Barrick-85 model, 
determine the instantaneous sea surface heights for 
80 cycles distributed on 8 orbital arcs. 

The pre-processing of the raw data permit the 
selection about 75 % of the measurements. The 
processing of the fitted data, by polynomial 
adjustment, is done after the correction of the main 
disturbed effects (instrumental, atmospheric,...) and 
the reduction of the radial component of the orbital 
error. The analysis of the mean arcs in the crossing 
points by the least squares adjustment allows a 
centimetric accuracy of the mean sea level. 

The surface obtained was extrapolated to the 
North of Algeria (surrounding the coasts) and 
compared to a gravimetric geoid calculated with a 
set of BGI free air gravity anomalies and GETECH 
data using the EFT techniques implemented in the 
Geofour program (Tscheming, 1994). 

The metric difference obtained is due to the 
insufficient altimetric and gravimetric data 
distributions, and to the extrapolation method used. 
The availability of an exhaustive gravity 

measurement, particularly the gravity cruise data 
(sea data), and a long period altimetric 

measurement, will allow a strong comparison 
between the surfaces. 

Keywords. Altimetry, Topex, Geoid determination, 
EFT, Mean sea level. 



1 Introduction 

It is at the beginning of the 70s that satellites began 
to collect data regularly on the physics, the 
chemistry and the dynamics of the Earth, oceans, 
atmosphere and biosphere. It was also the time of 
first altimetric measurements to determine the 
oceanic surface topography. 



The United States were the first to have made in 
orbit an altimeter aboard satellites, on Skylab and 
Geos-c, then on Seasat in 1978 and Geosat in 1985. 
Since the 90s, new altimetric missions are launched, 
ERS-1 (1991-1996), Topex (since 1992), ERS-2 
(since 1995), JASON (12-7-2001). The role of the 
ocean in the evolution of the past and future 
climates is henceforth asserted and demonstrated. 

This work is based on the processing and analysis 
of the Topex altimetric data for the determination of 
various parameters allowing to calculate the height 
of the sea above a reference ellipsoid and 
consequently the calculation of an altimetric mean 
sea level on the occidental Mediterranean Sea. 

The obtained surface (mean sea level) is then 
extrapolated on the North of Algeria to determine a 
geoid; the latter is compared with a local 
gravimetric geoid obtained by EFT technique on the 
North of Algeria. The gravimetric data used for the 
first time are provided by GETECH. Several 
previous works and studies were done on Algeria 
these last years (Benahmed, 1998), and were based 
only on the BGI data. 

Topex allows altimetric studies due to a radar 
altimeter and a very successful positioning system 
Doris loaded in complement to the GPS receiver and 
Laser reflector. It is so possible to measure with a 
centimetric accuracy (Bonnefond, 1996) the least 
variations of the sea level height. And so since 
March 1992, the Topex satellite observes 
continuously the movement of the oceans, it is 
indeed the first time that a systematic and 
continuous global surveillance of the oceanic 
circulation is possible. Once the satellite is 
operational in orbit, and all the on-board equipment 
function in a normal way, the phase checking the 
instruments begins, to guarantee quality and validity 
of scientific data (Aviso, 1996). The objective is to 
have geophysics data, freed of any instrumental 
errors to estimate the performance of the developed 
observation system: 

- 2 cm on the altimetric measurements. 

- 2 m/s on the wind speed. 

- 50 cm on the waves height. 
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The satellite altimetry is based on two principles: 
one physico-optics and concerns the processing, 
using the Barrick model, of the retrodiffused signal 
by the sea surface, the modelling of the echo, the 
wind speed as well as the altimetric observation. 
The second geometrical and consists of deducting 
the height of the sea surface with regard to an 
ellipsoid of reference, from the knowledge of the 
orbit parameters, the position of the satellite and the 
altimetric measurements. 

2 Topex Orbitography 

The determination of the satellite height is the most 
delicate point for a global mission; a centimetric 
accuracy on the satellite position with regard to a 
terrestrial reference system is necessary. This is 
possible due to the three tracking systems embarked 
on Topex, which allow to give several informations 
about the orbit (laser reflectors, GPS receiver, Doris 
receiver). (Bonnefond, 1994). For altimetric 

missions it is the radial component of the satellite 
orbit which requires to be determined with the 
highest accuracy: indeed, it is the precise knowledge 
of the satellite height (close to the radial range) 
which allows completely to use altimetric 

measurements and to access so to the height of the 
sea on a reference surface (ellipsoid). This effort of 
accuracy in trajectography was linked, at first, to the 
calibration of the Topex satellite altimeters: an 
equivalent accuracy of altimeters (2-3 cm) is needed 
(Bonnefond, 1994). 

The measure of station - satellite range by Laser 
telemetry reached actually a high precision (2 cm) 
and is calibrated (externally or internally) at a 
superior level (probably lower than 1 cm) (Degnan, 
1993). The method of short arcs can so assure the 
quality of a radial positioning at a centimetric level 
in absolute. 

This method was applied to the calibration of radar 
altimeters Topex (ALT, NASA) and Poseidon 
(SSALT, CNES) of the Topex satellite during the 
pass over the two calibration sites (Harvest and 
Lampedusa) (Christensen and Menard, 1994). 

The automatic consideration of the pass geometry 
toward the laser stations, different for the two sites, 
allowed to obtain equivalent orbits quality: the 
analysis of the dispersion of altimetric bias (3 cm) 
and various orbit comparisons during this period (2 
cm), show that the main cause of error in the 
calibration does not result certainly from the orbit 
determination. 

3 The Processing of Altimetric Data 



3.1 Altimetric Data Used 

The data used are diffused on CD-ROM by the CLS 
/ AVISO company; they correspond to the three 
months period (20/04/2000 - 28/07/2000). 

The data file contains eight passes (009, 070, 146, 
085, 172, 187, 248, 161) of the satellite Topex, four 
ascending (187, 009, 085, 161) and four descending 
(172, 070, 248, 146). In each of these passes there 
are ten cycles; distance between two parallel 
successive passes is about 315 Km. These passes 
cover the west basin of the Mediterranean Sea, 
bounded by: 

- Meridians 1 ° west and 10 ° East. 

- Parallels 35 ° south and 44 ° North. 

3.2 Data Filtering 

To eliminate erroneous measurements (impact point 
not located in the sea or collected under 
unfavourable weather conditions), we have to filter 
the data; this is based on a series of tests on the 
indicative parameters of the quality of the 
measurements. The electromagnetic bias is 
estimated (Aviso, 1996) at 7 % of the significant 
waves height, the induced error is estimated to ± 3 
% of the significant waves height, observations 
collected in the presence of the important waves are 
eliminated (Kahlouche & al, 1998). 

As presented on Fig. 1 above, an average of 
70% of the initial measurements is included in the 
processing. 




' \t \ i : ^ .i- 



Fig. 1 Rate of measurements included in the data processing 



3.3 Corrections 

All corrections to raw altimetric measurements are 
directly extracted from the data file (they are 
processed before using models and suited 
algorithms). Nevertheless, there are a number of 
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corrections, which are not available like the oceanic 
tides (these terms take values by default). 

3.3.1 Tropospheric Effects 

The disturbance of the signal in the low atmospheric 
layers (from 0 to 50 Km) is due to the presence of 
dry air and steam. The correction of the tropospheric 
effect is given by four parameters deducted from the 
measurements made with the NASA microwave 
radiometer (effects of the dry air of the troposphere 
respectively for the up and down paths, wet air 
effects) (Stewart, 1985). 

The results obtained on 10 cycles show that the 
correction due to the dry air is rather important. It 
has an average of 1.33 m with a weak standard 
deviation (mean=l.l mm) and correction due to the 
wet air is very weak, it has an average of 10cm, on 
the other hand corresponding standard deviation is 
not negligible (mean=7.6 mm). 

3.3.2 Ionospheric Effects 

The ionospheric correction applied is on one hand to 
the average between values given by the 
bifrequency model of the NASA altimeter (Topex) 
and on the other hand, by the Doppler 
measurements made with Doris beacons (Poseidon) 
(Rummel, 1993). The values are 0.94 cm for the 
average supplied with the NASA altimeter, and 1.3 
cm for Doris. 

3.3.3 Instrumental Corrections 

The whole of the instrumental corrections are 
expressed by a single corrective term. Some effects 
vary with the signal frequency and the orientation of 
the receiving antenna as well as the satellite 
orientation (centre of gravity - centre of phase) and 
it is expressed by an error on the observed range. 
The obtained results show that the corrections 
average is not very weak and is about 0.98 m. 

3.3.4 Electromagnetic Bias 

Electromagnetic bias depends on the state of the sea 
(wave heights), which is deducted from the intensity 
of the reflected signal. Its influence is not important 
for a calm sea but it is considerable for an agitated 
sea, because as it is not well modelled. It even 
constitutes a filtering criterion. In our case, the 
correction to be brought has an average of 1 1mm. 

3.3.5 Tides Effects 



The altimetric measurement is also corrected of 
oceanic tides, solid tides and load effects; these 
corrections are directly obtained from the Topex 
data file. The oceanic tides are calculated with two 
models, the CSR3.0 (empirical model - Texas 
University), which is an empirical model and the 
FES95.2 model (semi-empiric assimilation model - 
Grenoble University - France). 

4 Determination of the Average Profile 

The average altimetric profile corresponds to a set 
of average heights of the sea, along the satellite 
tracks, representative of average sea level for the 
period of time on which the measurements were 
collected. This averaging process is used to get free 
from variable phenomena whose period is less than 
the considered one. These phenomena can result 
from variations of the sea surface (seasonal 
variability, semi-annual, inter-annual) or of the 
dispersion of altimetric measurements, but also from 
orbit errors (Kariche, 1997). 

4.1 Averaging Process 

According to Barrick's model (Stewart, 1985), the 
processing consists of averaging three parameters 
(latitude, longitude and height of the sea surface) by 
gliding of a window of 0.047° (in latitude, that 
corresponds to the average spacing between two 
successive satellite measurements). The average is 
processed if at least 60 % of used cycles are 
represented in this window. The accuracy of the 
obtained average points depends on the dispersion 
of the instantaneous profiles and on the number of 
averaged points. The results presented in the 
following Table 1, shows the centimetric accuracy 
of the cycles of the same Topex pass. 

The obtained standard deviations indicate the 
existence of a variability, so the existence of a 
dispersal between the cycles of the same pass, and 
the quality of altimetric data. As shown in the Table 
1, the pass number 187 distinguishes itself from the 
other passes by its coherence and its highest mass of 
measurements with regard to the others. 
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Table 1. Standard deviations of instantaneous 
heights for every pass 



Pass 

number 


Cycles 

number 


Number of 

j , variation 

used points 


Standard 

deviation 

(cm) 


161 


10 


745 


0.33 


3.32 


172 


10 


525 


1.54 


4.47 


187 


10 


874 


0.01 


3.05 


248 


10 


581 


1.95 


3.51 


070 


10 


628 


0.92 


3.73 


146 


10 


497 


1.05 


4.12 


085 


10 


536 


0.97 


3.54 


009 


10 


587 


1.36 


3.84 



4.2 Polynomial Adjustment 

To fill the absence of measurement along the 
average profiles, and to densify the zone, the heights 
of the sea surface are approximately processed by a 
second-degree polynomial (function of the longitude 
and the latitude). The polynomial coefficients are 
calculated with the least squares method. The 
precision of the adjustment depends on the number 
of used points and the degree of the polynomial, 
second order is considered sufficient for our zone of 
study (Rummel, 1993). The precision of the 
adjustment is given on the following Table 2: 



Table 2. Standard deviations of the polynomial adjustment (for 
every pass) 



n° of passes 


Number of average 
points used 


Standard deviation 
(cm) 


161 


138 


1.98 


172 


108 


2.85 


187 


152 


1.75 


248 


120 


2.14 


070 


125 


2.09 


146 


91 


2.17 


085 


106 


2.68 


009 


117 


2.00 



Pass 187 presents a rather small standard deviation 
(1.75 cm), with a number of used points (152) 
providing a wide redundancy. 

5 Orbit Correction 

Using the least square method, the reduction of the 
radial component of the orbit error, is made (Engelis 

6 al, 1987) by processing in the crossing points 
(intersection between ascending and descending 
arcs). 



The orbit determination is made from a dynamic 
model of the movement of the satellite, which takes 
into account the more possible complete field of 
force. It is including the more precise field of Earth 
potential, the effects of the Moon and the Sun, the 
tides effects, the forces entailing secular drift of the 
satellite as the drag effects and radiation pressure 
(Zarouati, 1987). The orbit error is difficult to 
estimate. It can be estimated either by the 
comparison of various altimetric measurements in 
the same point or by processing the orbit from two 
different parameters. The reduction of the orbit error 
is achieved generally by two methods (Bonnefond 
& al, 1994): 

- Processing of repetitive passes 

- Processing in the crossing points (it is the method 
mostly used considering its rigorous aspect and the 
results provided). 

5.1 Determination of the Crossing Points 

The crossing points are defined by the intersection 
of ascending and descending arcs. 

They are definite, in a window of (10m x 30m) 
(Kariche, 1997), by a sequential search, their co- 
ordinates are calculated by the intersection of two 
diagonals (ascending and descending pass), and the 
two values of the sea surface height are processed 
by linear interpolation, with a determination of 10 
crossing points (see Fig. 2) in the occidental 
Mediterranean sea. 




Fig. 2 Crossing of Topex's tracks in the occidental 
Mediterranean Sea 

The height differences in the crossing points 
show the existence of orbit errors. The obtained 
deviations are representative of the error differences 
(including variability), which allow us the 
comparison of errors along the ascending and 
descending passes. 
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Table 3. Differences of heights in the crossing points 



Passes crossing 


longitude(°) 


latitude(°) 


Height 
differences 
Dh (cm) 


187 and 172 


0.004623 


37.10601 


-42.8 


187 and 248 


1.422921 


39.21632 


94.9 


187 and 070 


2.840221 


41.17225 


09.4 


187 and 146 


4.257571 


42.98526 


45.9 


009 and 248 


2.840395 


37.10358 


107.5 


009 and 070 


4.257317 


39.21056 


86.2 


009 and 146 


5.646207 


41.10448 


65.0 


085 and 070 


5.673849 


37.10401 


03.9 


085 and 146 


7.063431 


39.13961 


-100.7 


161 and 146 


8.509435 


37.10295 


-18.4 



S a = a - , c^b = b-bQ 



In matrix form, equation (3) becomes: 



Sa, 
S Uj 
Sb. 
5 b, 



+ v. 



( 4 ) 



Where: 

Cij = dij - - «0j - ) 

( 5 ) 



5.2 Orbit Error by Processing in the 
Crossing Points 

The determination of the orbit errors by processing 
in the crossing points is made from the equation of 
observation (two parameter model) which is 
represented in the form (Rummel, 1993): 

hi - hj = dij = Gi - a ■ + biSi - b - s ■ 

( 1 ) 

Where: 

ai, aj: respectively bias for the pass i and pass j 
bi, bj: drift parameters with regard to the same 
origin respectively for passes i and j. 
dij: height differences ( h ) in the crossing points, 
si, sj: distances (in km) along every track between 
the crossing points and the origin, which is common 
for every pass. 

The approached values ( and ) of the 

parameters (a and b) can be processed (for every 
pass) by comparison of the altimetric surface height 
with the geoid deducted from the global potential 
models as OSU91. 

h-N = aQ+bQS (2) 

Where: 

N : indicates the geoid height deducted from the 
geopotential model. 

By introducing the approached values in 
equation (1), we obtain: (3) 

4 ~^j - 4 / 7 ) 

With: 



Note that the number of equations is equal to the 
number of crossing points (m), the number of 
unknowns is equal to twice the number of passes (if 
the passes have equivalent lengths). 

The system of equations transforms to: 

B = A X + V (6) 

With: 

X : parameters vector, 

B : data vector, 

A : resolution matrix 
V : residual vector. 

Where the solution: 

X = (A^PA)'4A^PB) (7) 

With P is the weight matrix 

The approached values of the parameters a^ - , b^- 

can be also calculated (for every pass i) by least 
square method by solving the following normal 
system (Rummel, 1993): 



m 




an: 




r m 1 






\)l 




M 

1 


k^\ 






= 


k^\ 


h, ±si 




1 






_k=\ k=\ 




Ihi \ 




.k=l 



( 8 ) 



With: 

m: the number of used points 

s: the distance of every point with regard to the 

same origin. 

Pass 187 was fixed in order to eliminate the case of 
the parameter matrix singularity, considering its 
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stability and the quantity of measurements which it 
contains, we supposes that this pass does not contain 
orbit errors. 



Table 4. Orbit errors 



Pass number 


Error (cm) 


161 


4.68 


172 


- 14.60 


248 


- 16.31 


070 


-7.56 


146 


- 1.35 


085 


-7.77 


009 


4.75 



With regards to used data quality and quantity, 
the error values obtained (in Table 4 ) can be 
considered acceptable. The average profiles, 
corrected by orbit errors, determined using a 
processing at the crossing points, and adjusted by 
means of a second order polynomial, represents the 
average heights of the sea surface under the satellite 
tracks. 

6 Mean Sea Level Representation 

The coating of average profiles corrected by orbit 
errors by a regular grid of 0.25° X 0.25 ° (in 
longitude and in latitude) allows to have the average 
surface. 

This average surface was obtained by a linear 
interpolation method in the grid knot (Delaunay 
triangulation); excluding the regions, which were 
not observed by altimetry. 

The mean sea level surface has an important 
dispersion (about 6 m, as shown by the Fig. 3) in the 
area of studies. This dispersion shows that several 
oceanographic phenomena caused an important 
variability of the level sea surface. 




Fig. 3 Altimetric mean sea level by linear interpolation (in 
latitude and longitude). 



7 Gravimetric Geoid Computation 

Due to the rapid increase of GPS use heighting, 
which already now gives the same accuracy as 
levelling over some 10 to 100 km, there is an urgent 
need to provide the "cm quasi-geoid" to geodesists 
and surveyors. In this context, the Geodetic 
Laboratory of National Centre of Space Techniques 
has recently focused a part of the current research 
on the precise geoid determination using different 
methods. In 1997, the first determination of a 
preliminary geoid in a small zone in the north of 
Algeria was calculated using the least squares 
collocation and the Gravsoft software (Benahmed & 
al, 1997). 

Nowadays, an improved quasi-geoid has been 
computed over the whole of Algeria between the 
limits 16° < (p < 40° for latitudes and -10° < A. < 14° 
for longitudes, in a grid with mesh of 5’x 5’. This 
solution was based on the validated gravity data 
supplied by the Geophysical Exploration 
Technology Ltd (GETECH), topographic 
information’s and optimal geopotential model, 
which were combined using the remove-restore 
technique in connection with the Fast Fourier 
Transformation (FFT). 




Fig. 4 Geographical distribution (latitude and longitude in 
degrees) of gravity measurements. 



For this work, the pre-processed free air anomalies 
on a 5’ grid in the area bounded by the limits 
mentioned above, derived by merging terrestrial 
gravity data and satellite altimetry data, have been 
provided by GETECH through the agreement 
between the National Centre of Space 
Techniques/Geodetic Laboratory and University of 
Leeds/GETECH without any information on the 
accuracy of different values. These data have been 
acquired in the framework of African Gravity 
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Project (AGP) from Bureau Gravimetrique 
International (BGI), Defence Mapping Agency and 
from oil companies and many national academic 
and non-academic organisations in different 
countries (Fairhead & al, 1988). All of these gravity 
measurements are adjusted at GETECH to IGSN71 
by using “Latin American Gravity standardisation 
Net 1977” and are referred to the Geodetic 
Reference System 1980 (Blitzkow & al, 1995). 
Nevertheless, several data gaps still exist and new 
measurements are needed to accomplish a 
homogeneous coverage. The geographical 
distribution of the available gravity data, as shown 
in Fig. 4, presents some areas without 
measurements, particularly in the south country. 

In order to smoothen the gravity field, the 
previous gridded gravity data must be corrected for 
the effect of the atmospheric and reduced for the 
effect of the spherical harmonic model and the 
topography. The spherical harmonic coefficient set 
OSU91A has been used to remove the long 
wavelength component of gravity data. The 
computation of the effects of topography according 
to the RTM reduction modelling method is based on 
global topographic model GLOBE of 30” x 30” 
which were used up to a distance of 200 km. The 
reference surface of 10’ x 10’ needed for the RTM 
reduction has been obtained by means of a moving 
average applied to the detailed one. Table 5 shows 
the statistics in mGals of the gravity reductions for 
the gravity data: 



Table 5. Statistics of gravity reductions 



Anomalies 


Mean 


Sd 


Min. 


Max. 


Ag 


2.43 


28.81 


- 172.96 


218.84 


Ag-OSU9U 


-2.29 


14.94 


-122.90 


192.28 


Ag -OUS 91 A -RTM 


-1.55 


14.62 


-120.12 


823.63 



From the results of Table 5, it is obvious that the 
OSU91A reference field fits well the gravity in the 
area under consideration, and the smoothing of the 
gravity data is considerable after the removal of the 
topographic effect if we take into account only the 
mean and standard deviation values. 

The residual quasi-geoid {(^^) has been evaluated 
using FFT technique, implemented in the 
GEOFOUR program written by Rene Forsberg 
(Tscheming, 1994). The statistics of residual 
undulations in a 5’ x 5’ grid (289 x 289 values) are 
presented in Table 5 while the plot of the values is 
shown in Fig. 5. As expected, high frequency 
pattern in gravity residual are spread on a larger area 



in terms of ; a careful outliers rejections will be 
performed in the near future to avoid such effects, 
probably connected to outliers or inconsistency in 
the gravity data (Barzaghi & al, 2001). 



Table 6. Statistics of the quasi-geoid residuals 

Mean Sd Min. Max. 

OOO L42 ^t!05 5 ^ 




Fig. 5 Residual quasi-geoid (m) 



The final quasi-geoid was obtained by adding the 
model and the residual terrain effect on the 
5' X 5' residual quasi-geoid grid. The values of the 
geopotential model range from 15.85 m to 56.0 m 
and yield the major part of the quasi-geoid. The 
standard deviation and maximum values of the 
contribution from the gravity data are 1.42 m and 
5.69 respectively, while the corresponding values of 
the RTM effects are 0.07 m and 0.86 m. 

Fig. 6 shows a map of the quasi-geoid solution in 
Algeria. The statistics of the total quasi-geoid 
values are summarised in Table 7. 

The results presented above (Fig. 6) shows that 
the geoid undulation in Algeria, which is in the 
order of 40 m, present some stability along the 
Algerian coasts. 



Table_7j_Statistics_of&e_2u^^ 



Mean 


Sd 


Min. 


Max. 


35.18 


8.83 


17.69 


60.65 
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Fig. 6 Quasi-geoid solution in Algeria (m) 
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8 Altimetric Position with Regard to the 
Geoid 

Previous works on the occidental Mediterranean 
area were carried out (Kahlouche & al, 1998), and 
have led to compare an altimetric mean sea level, 
processed from non calibrated Topex data (1992), 
with a local geoid, computed only from the BGI 
gravity data. The metric differences (1 to 4 m) 
obtained do not allow to have definitive conclusions 
about the quality of the data used and the 
exhaustivity of the physical model processed. In this 
actual work, the altimetric solution is based on 
calibrated and recent (2000) Topex measurements to 
provide a mean sea surface on the west 
Mediterranean area. 

To estimate the external quality of the obtained 
results, the altimetric solution was extrapolated and 
compared with the gravimetric geoid obtained by 
FFT technique and based, for the first time, on the 
GETECH data. 

The comparison is made by processing the height 
differences on the same zone in the knots of the 
same regular grid (0.25° X 0.25 °) by Kriging's 
method which is based on statistical considerations; 
it was used to interpolate in all zones, even in 
regions without altimetric measurements. These 
differences are calculated in a zone limited with 
meridians -1° and 9° and parallels 35° and 39°, it 
includes the zones which were not observed by 
altimetry. The differences are carried in the sense of 
gravimetric geoid -mean surface, and with regard to 
the GRS80 reference ellipsoid. Differences between 
the two surfaces, showed by the Fig. 7, have an 
average of 2.2 m with a standard deviation of 1.3 m. 

Off the Algerian coast, we note an east-west 
propagation deviation, probably due to marine 
disturbances at the east west Algerian current, in the 
outlines showed by Fig. 7. 




Fig. 7 Difference of heights (Kriging) (m) 



The geographical distribution (latitude and 
longitude are expressed in degrees) of the level 
curves deducted from the subtraction of the two 
surfaces shows important values in the coastal zone. 
In this zone, as a boundary between the two 
mediums (terrestrial for gravity measurements and 
marine for the altimetric data), we expected initially 
minimum differences. Among the objectives of the 
study is to examine the possibility of providing an 
useful reference surface, as a marine geoid 
approximated by a mean sea level processed from 
altimetric data. 

A first analysis of the obtained differences allows to 
confirm that they are due to several parameters as: 

- The precision of the gravimetric geoid model 
obtained by FFT: considering the accuracy of the 
gravimetric data and their coverage and in absence 
of a high-resolution digital terrain model (DTM), 
the geoid processed is not very precise. 

- The extrapolation method used: the extrapolation 
of the data from a physical environment towards 
an other one totally different, does not allow us to 
interpret the theoretical results. 

- The quantity of altimetric data: data over a period 
more than three months of observations allow us 
to have a better precision on the processing of a 
mean sea level. 

- The quality of the altimetric data used: the absence 
of corrective terms, such as tides, affects the 
precision of the mean surface processed. 

- A more exhaustive modelling: to be able to make 
comparisons with gravimetric geoid notably, a 
more complete modelling should include for 
example a dynamic topography model, which 
must be subtracted from the mean sea surface 
obtained by altimetry. 

9 Conclusion 

The analysis of the results of altimetric 
measurements collected by Topex satellite on the 
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western basin of the Mediterranean Sea can not be 
estimated completely for non-availability of all the 
corrective terms. The results are far to being perfect 
from an accuracy point of view; because of the 
quality and the quantity of used measurements. 

The extrapolation method of the mean sea level 
on the North of Algeria does not allow us to have a 
reliable result because it is an extrapolation of a 
physical environment towards another completely 
different, but nevertheless this allowed us to 
estimate the degree of closeness of the two surfaces. 

The reference surface of comparison (gravimetric 
geoid obtained by collocation on the North of 
Algeria) is also processed with some errors because 
of insufficiency of the gravimetric data, what makes 
difficult a strong comparison and analysis of the 
deviation. The analysis of the deviations obtained 
confirms the none adequacy of the method used; 
what for precise applications, makes necessary the 
availability of marine gravimetric data for the 
determination of the mean sea level. 

In perspective, for the determination of the 
precise mean sea level, it is necessary to use Topex 
data, for longer duration, with a high quality, and 
the introduction of new measurements collected 
with other new altimetric systems as Jason. It is also 
necessary to define an exhaustive modelling taking 
into account all the corrective terms and all new 
existing data (tide gauge data, levelling, Algerian 
absolute gravity network,. . .). 
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Abstract. At present, there exist two types of 
methods to recover the bathymetry from altimeter 
data, i.e. the deterministic method and the stochastic 
one. This paper first reviews the general principles 
of the two aforementioned methods in order to form 
the basis for the development of the new approach. 
Then, based on the theory of least-squares 
collocation, a modified statistical model for 
recovering bathymetry from altimeter data is 
proposed. The new model is used to compute the 
ocean depth in the South China Sea from 
altimetry-derived gravity anomalies. Finally the 
predicted depths are compared to the shipbome 
ones. The results show that the achievable 
agreement is very good. Taking into account the 
existence of errors in the shipbome depths, it can be 
believed that the relative error of altimetry-derived 
depths reaches the level of about 7%. 

Keywords. Altimetry, bathymetry, least-squares 
collocation 

1 Introduction 

With the advent of satellite altimetry it has been 
proved that this new technology had an impact not 
only to geodesy, but to other scientific fields as well, 
such as oceanography and geophysics. Satellite 
altimetry technique provides direct measurements 
of sea surface heights with respect to the reference 
ellipsoid, the geometrical reference surface of the 
Earth, and makes it possible to determine the 
gravity field of the oceans on a global scale. This 
set of data can be used to predict deep-seafloor 
bathymetric features. It is known that one of the 
major achievements in the use of satellite altimetry 
in geodesy has been the determination of the marine 
geoid with high accuracy and high resolution. After 
corrections for the sea surface topography and other 
disturbing factors, satellite altimetry can provide an 
estimation of the marine geoid with a level of 
precision of about 5~10 cm (Hwang et al., 1998). 



Such a precise geoid offers a good opportunity to 
determine the marine gravity field over the world’s 
oceans. Recent articles include those by Sandwell 
and Smith (1997), Knudsen and Andersen (1997), 
Andersen and Knudsen (1998), and Hwang, Kao, 
and Parsons (1998). 

Since geoid anomalies decay slowly with 
distance r from a mass anomaly (proportional 

to r~^ ), the shape of the geoid reflects the 
distribution of a relatively deep-seated mass within 
the Earth. The gravity anomaly decreases more 

_2 

rapidly (proportional to r ) and hence is more 
sensitive to shallow mass anomalies. Nevertheless, 
a major contribution to the marine geoid comes 
from topographic anomalies in the very shallow 
rock-water interface at the base of the ocean, since 
this surface represents a large density contrast. 
Consequently, there is a strong correlation between 
the shape of the geoid and ocean bottom topography 
(bathymetry). Although this fact was first declared 
in the 19^^ century by Siemens (1876), who 
suggested that ocean depths could be inferred from 
sea surface gravimetry, it was more than a century 
later when Dixon et al. (1983) demonstrated that the 
technique was feasible. Since then, modeling 
bathymetry with satellite altimetry has been carried 
out by many researchers, e.g.. Smith and Sandwell 
(1994), Ramillien and Cazenave (1997), Arabelos 
(1997), Hwang (1999), and Vergos and Sideris 
(2002). Calmant and Baudry ( 1996 ) give a 
comprehensive review of the techniques and data 
used in bathymetric modeling. 

At present, there exist two types of methods to 
recover the bathymetry from altimeter data, i.e. the 
deterministic and the stochastic ones. The former is 
based on Parker’s formula and the three plate 
models of Watts (1978), while the latter on the 
least-squares collocation derived from the stochastic 
point of view. The bathymetric model from 
altimeter data will not be sufficiently accurate for 
such purposes as maritime navigation and hazard 
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prevention, but can be very useful in oceanography. 
In this paper, the principles of the two types of 
recovering method mentioned above are first 
introduced. Then, based on the theory of 
least-squares collocation, a modified stochastic 
model for recovering bathymetry from altimeter 
data is proposed. The new model is used to compute 
the ocean depth in the South China Sea from 
altimetry-derived gravity anomalies. Finally the 
predicted depths are compared to the shipbome 
ones. The results show that the achievable 
agreement is very good. 

2 Description of the Depth Estimation 
Model 

2.1 The Deterministic Method 



approximation (Parker, 1972): 



F[Af(r)] = ^^^exp(- \k\zo) 

r 



2 



I k I"-" 



n\ 



-F[Z“(r')] 



( 3 ) 



where r is now the vector formed by coordinates 
in the X — y plane, k is the modulus of the 

wave number vector, ZqIs the reference depth of 
the density interface, and Z(r') stands for the depth 
variations of the interface relative to Zq . Details 

concerning the derivation of the Fourier expansions 
can be found in Parker (1972). A linear form of 
Equation (3) is obtained by limiting the series to the 
first term: 



Seafloor is the shallowest density interface in the 
oceanic domain. Depth variations of the seafloor 
can be considered as height variations of mass 
elements the density Ap of which is given by the 
density contrast between rock and sea water. These 
seafloor depth variations generate variations to the 
local gravity field. According to Calmant and 
Baudry (1996), the disturbing potential T(r) due to 
a given mass element of volume V is: 

where G is the gravitational constant, r is the 
coordinate vector of location at which the disturbing 

potential is computed and r' the coordinate vector 
of the center of the mass element. The Brun’s 
formula relates the geoid height N to the disturbing 
potential T . The discretized form of the Brun’s 
formula corresponding to Equation (1) is: 

( 2 ) 

where /is the normal gravity acceleration at the 
surface of the Earth, A^2{r') is the element of the 
integrated surface, and are the depths of the 
bottom and the top of the mass element centered on 
, respectively, and the Z axis is vertical. 
Equation (2) is in a convolution form, thus, it can be 
evaluated in the Fourier domain. The Fourier 
Transform of Equation (2) is, in plane 



y (4) 

exp(-lfelzo)/^[Z(r')] 

The above linear approximation allows an easy 
recovery of the topography of an uncompensated 
interface b{r) from a given geoid anomaly N(r ') : 

fc(r) = F-‘fz^(^)]-‘f[N(r')]} (5) 

with Z^{k)= \k\-^ exp(- 1 ) (6) 

r 

Similarly, when gravity anomalies Ag(r') are 
available, b(r) is recovered as: 

Kr) = F-‘{[Z^(fc)]-‘F[zlg(r')]} (7) 

with Z^(k) = 27rGApexp(-\k\ Zq) (8) 

where Z^ (k) and Z^ (k) are called the admittance 

functions. The above two sets of the equations 
including Equation (5) to (8) are considered as the 
basic formulas of the deterministic method to model 
bathymetry from altimetry-derived geoid height and 
gravity anomalies, respectively. According to 

Equation (7), the depth estimation model can be 
written in the following linear form in the frequency 
domain: 

B(u, v) = K(u, v)AG(u, v) (9) 
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where B and AG are the Fourier transforms of 
depth and gravity anomaly, respectively, K is the 
transfer function, and w , v are the two spatial 
frequencies. In practical application, K can be set to 
(Hwang, 1999) 



K{u,v) 



1 



InGAp 



( 10 ) 



where Zl/7 is the density contrast between Earth’s 
upper lithosphere and sea water, and d is the mean 
depth of the interface between the two layers. The 
problem of predicting depths from gravity data is 
nothing more than the well-known downward 
continuation problem. This is clear from Eq.(lO) 
where the gravity to bathymetry transfer 
function K{u,v) is the downward continuation 

kernel function ( ) multiplied by a constant 

number, i.e., ^ . In the mathematical 

2nGAp 

literature, this operation is regarded as an ill-posed 
problem, whose solution will be non-unique and 
unstable, thus, it requires some regularization 
treatment, see Tihknov and Arsenin (1977). Because 
of these problems. Smith and Sandwell (1994) 
simply removed components with wavelengths 
shorter than 15km in their final bathymetric model, 
because the gravity to topography transfer function 
becomes singular at wavelengths shorter than about 
15km. Also, the spatial resolution of altimetry SSHs 
is about 6km at the best case (GEOSAT/GM), thus, 
based on Nyquist theorem, one can resolve 
frequencies of wavelengths longer than about 12km. 
Hwang (1999) provided a detailed procedure for 
computing a predicted bathymetric model. 

2.2 The Stochastic Method 



Based on Parker’s formula (1972) and the three 
plate models of Watts (1978), the bathymetric 
model of the deterministic method can be 
constructed between the residual fields of depth and 
gravity anomaly. But, given the complex 
composition of the seafloor, hardly any of the three 
plate models of Watts (1978) will match reality, and 
even if they do match, parameters such as plate 
thickness and flexural rigidity are difficult to 
estimate correctly. Due to these problem, it is useful 
to model bathymetry using a stochastic approach. In 
1994, Tscheming et al. experimented first with a 
least-squares collocation method in which gravity 
anomalies and a-priori given depths were used to 



produce new depths in an area where the depth data 
may be considered erroneous. A lot of similar works 
have been carried out in the following years for the 
same purpose. Arabelos (1997) and Vergos and 
Sideris (2002) made a study on the possibility to 
estimate ocean bottom topography from marine 
gravity and satellite altimeter data using collocation. 
Hwang (1999) used the following equation to 
construct his bathymetric model for the South China 
Sea (SCS): 

h = ^i, + c,^c;l{Ag-n^) ( 11 ) 

where h is depth, Ag is gravity anomaly, and 
//^g are the expected values of depth and gravity 
anomaly, respectively, is the depth-gravity 
anomaly cross-covariance matrix, and is the 

gravity anomaly auto-covariance matrix. In 
practical applications, the expected values of depth 
and gravity anomaly can be represented by the 
regional trends. Let the residual depth and gravity 
anomaly be: 



Ks ( 12 ) 

^8res=^S-MAg ( 13 ) 

Then, we have from Equation (11): 

h =C, (14) 

which is equivalent to the formula of least-squares 
collocation (Moritz, 1980). The covariance matrices 
and can be constructed from covariance 

functions. However, it is rather difficult to model 
the cross-covariance function needed for due 

to the fact that h and Ag come from two 

different types of parameter field. Because of this 
reason, Hwang (1999) proposed to use the concept 
of frequency domain collocation to speed up the 
computations, in which the covariance functions 
were replaced by the power spectral density 
functions. Following this idea, he computed a 
corrected bathymetric model for SCS, which had a 
better agreement with the shipbome depths as 
compared to the predicted model. 

2.3 The New Modified Model 

According to the theory of least-squares collocation 
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(Moritz, 1980), Equation (14) originates from the 
following model: 



^^=( 1 , 0 ) 



vhy 



+ n 



(15) 



where the observation Ag is decomposed into a 
“signal part” s and a “noise part” n . Obviously, 
Equation (15) does not give a deterministic 
functional relation between the gravity 
anomaly Jg and the depth h . In Equation (14), the 

link relating Ag and h is their cross-covariance 
function. In regional gravity field approximation, 
height information is usually used to improve the 
accuracy of predicted free-air gravity anomaly in a 
remove-compute-restore concept. The prediction 
model can be written as: 



Ag = a + bh + s + n (16) 

where a and b are the unknown parameters. A 
lot of researches (Moritz, 1980) have shown that the 
above prediction model could always give better 
anomaly estimates than the simple model (see 
Equation (15)). This fact gives the motive to modify 
the depth estimate model in a similar way. Suppose 
that there is a linear correlation between the gravity 
anomaly Ag and the depth h . Similar to Equation 
(16), the depth prediction model can be rewritten as: 

h = a + bAg + s + n (17) 



where a and b are still the unknown parameters, 
while s represents the “signal part” of 
observation h , and n represents the “noise part” 
of observation h . The observation equations can 
be expressed in matrix notation as follows: 



1980): 



X =(A^C“‘A)-‘A^C“‘L 


(19) 


5 = QC-‘(L-AX) 


(20) 


W = C^C-\L-AX) 


(21) 


1 

II 


(22) 



where C = , which is called the total 

covariance matrix of L , and are the 
covariance matrices of the signal s and the noise 
n , respectively, and H is the adjusted depth 
vector. From Equation (19) to (22), we can obtain 
an improved prediction depth model using an 
iterative procedure, based on a given initial depth 
model. For the first iteration, the covariance matrix 
of the signal s should be replaced by that of the 
initial depth model h owing to the fact that the 
signal s is unknown in the first step. When the 
solution converges, i.e. the differences or 
corrections to the adjusted vector (// ) are smaller 
than a given threshold, the iterative procedure is 
finished. 

As mentioned above, the difference between 
Equation (15) and (17) is that the statistical relation 
between the gravity anomaly Ag and the depth h in 

the former model has been changed to a 
deterministic linear relation in the latter. The 
advantage of this modification is that the new 
model does not require the determination of the 
cross-covariance function needed for . The 

gain of the new model in computational efficiency 
is illustrated in the case study that follows. 

3 A Case Study 



L = AX + S+V (18) 

where L represents the depth observation vector, 
X is the unknown parameter vector, which is 
comprised of a and b , A is a given matrix 
expressing the effect of the parameters X on the 
observations L , which is comprised of 1 and Ag , 
S is the signal vector, and V is the correction 
vector of L . Equation (18) is the well-known 
model of least-squares collocation with parameters. 
The general minimum principle can be used to 
derive optimal estimates for X and S . The least 
square solutions of Equation (18) are (Moritz, 



To evaluate the new method proposed above, some 
practical computations and a comparison to depth 
sounding have been carried out. In the present case 
study, the computation area is defined as: (2° ^cp 

^25° ; 105° ^/1^125° ). The data file of 
altimeter-derived gravity anomaly from Huang et al. 
(2001) has been used as input information. The 
gravity data are given on grid with 2 ' spatial 
resolution and were derived from the altimeter data 
of Seasat, Geosat, ERS-1 and TOPEX/POSEIDON. 
The newly developed 5 ' X 5 ' global digital 
topographic model JGP95E (Lemoine, et, al., 1998) 
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has been used as the initial depth model of iterative 
computation. The following formulas have been 
applied to compute the covariance matrix: 



C{d)=^[C{d),+C{d\] 



(23) 



1 n 

C{Qi) = —Y^{Ahyf 



(24) 



1 m 

c(d), =— — 



j+q 



(25) 



-j n m-q 



where d is the distance between two data points, 
C{d)j^ and C{d)^ represent the covariance function 
with X -being the horizontal direction 



(corresponding to m) and y -being the vertical 

directions (corresponding to n), respectively, m and 
n are the grid numbers in the two directions, and 
Ah is the difference between depth h and its 
regional mean value. According to Lemoine, et, al. 
(1998), we give an error of 400 m for the initial 
depth model JGP95E. 

To evaluate the accuracy of the 
altimeter-derived depths, the estimated results are 
compared with the shipbome depths requested from 
our department in the region: (7° ^^^20° ;110 

^120° ). The data came from numerous 
cruises dating from 1990 to 2000. It is believed that 
the accuracy of the ship depth is better than 1% of 
the depth. Before comparison, the depths from 
the altimeter-derived grid are interpolated to 
each ship depth location using a weighted-means 
method. The comparisons are made at all 
152,979 stations. First of all, the statistics of the 
ship depths themselves used for the comparison 
are presented in Table 1 : 



Table. 1 Statistics of shipbome depth [Unit: m] 



Year 


Number 


Max 


Min 


Mean 


RMS 


STD 


1990 


3037 


4395 


308 


2079 


2216 


767 


1991 


2545 


4448 


493 


2424 


2571 


855 


1993 


3833 


4613 


622 


4173 


4197 


454 


1994 


2532 


4303 


258 


2794 


2944 


929 


1995 


2492 


4359 


576 


3474 


3610 


978 


1996 


2405 


4441 


1164 


3302 


3404 


825 


1997 


13874 


4463 


273 


2037 


2272 


1005 


1998 


9677 


4276 


218 


2637 


2722 


676 


1999 


55314 


4296 


222 


3775 


3832 


661 


2000 


57237 


4514 


463 


3616 


3665 


596 


Table 2 gives the statistics 
between the altimeter-derived 


of the differences depth, 

and the shipbome 









Table.2 Statistics of differences between the estimated and the shipbome depths [Unit: m] 



Year 


Max 


Min 


Mean 


RMS 


STD 


Relative error 


1990 


652.4 


-642.3 


10.6 


184.1 


183.8 


8.9% 


1991 


596.1 


-589.7 


9.3 


169.5 


169.3 


7.0% 


1993 


551.3 


-553.3 


12.3 


132.7 


132.2 


3.2% 


1994 


550.4 


-570.9 


24.7 


163.0 


161.1 


5.8% 


1995 


457.0 


-458.9 


2.9 


125.7 


125.6 


3.6% 


1996 


639.6 


-621.9 


25.8 


183.8 


182.0 


5.6% 


1997 


673.9 


-684.2 


-59.8 


208.0 


199.3 


10.2% 


1998 


712.7 


-714.1 


20.0 


207.1 


206.2 


7.9% 


1999 


647.0 


-723.3 


-12.1 


158.9 


158.5 


4.2% 


2000 


465.5 


-466.4 


26.1 


114.2 


111.2 


3.2% 
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Table.3 Statistics 


of discrepancies between JGP95E and the 


shipbome depths [Unit: m] 






Year 


Max 


Min 


Mean 


RMS 


STD 


Relative error 


1990 


820.4 


-825.8 


35.4 


224.6 


221.8 


10.8% 


1991 


890.2 


-889.0 


41.8 


260.7 


257.3 


10.8% 


1993 


1154.7 


-1163.7 


114.9 


272.6 


247.2 


6.5% 


1994 


1028.3 


-1020.9 


2.5 


281.9 


281.9 


10.1% 


1995 


736.0 


-748.0 


16.6 


246.9 


246.4 


7.1% 


1996 


915.1 


-929.4 


15.3 


250.0 


249.5 


7.6% 


1997 


882.3 


-882.6 


-19.3 


235.6 


234.8 


11.6% 


1998 


1026.6 


-1031.6 


-2.6 


302.5 


302.4 


11.5% 


1999 


1392.4 


-1391.2 


126.1 


355.4 


332.2 


9.4% 


2000 


858.9 


-857.6 


76.3 


217.3 


203.5 


6.0% 



To show the improvement of the new model on JGP95E and Hwang (1999) are listed in Table 3 and 

the others, the differences between the shipbome Table 4, respectively, 

depths and the results from the initial depth model 



Table.4 Statistics of discrepancies between Hwang(1999) and the shipbome depths [Unit: m] 



Year 


Max 


Min 


Mean 


RMS 


STD 


Relative error 


1990 


628.2 


-624.8 


30.9 


188.4 


185.8 


9.1% 


1991 


625.1 


-628.9 


49.5 


197.3 


191.0 


8.1% 


1993 


697.8 


-752.5 


25.0 


204.6 


203.1 


4.9% 


1994 


731.7 


-728.3 


52.3 


225.8 


219.6 


8.6% 


1995 


703.4 


-736.2 


19.2 


242.7 


241.9 


7.0% 


1996 


605.9 


-697.1 


-33.3 


220.0 


217.5 


6.7% 


1997 


654.1 


-671.0 


-58.6 


202.9 


194.2 


10.0% 


1998 


843.9 


-846.5 


25.4 


267.6 


266.4 


10.1% 


1999 


761.2 


-764.2 


-18.5 


208.5 


207.7 


5.5% 


2000 


565.9 


-566.1 


9.9 


154.9 


154.6 


4.3% 



Making a comparison between Table 2, Table 3 
and Table 4, it can be seen that the improvement of 
the new depth model compared to JGP95E is 
significant. Additionally, the computational 

efficiency of using Equation (17) as observation 
model is slightly better than that of Equation (15). It 
is proved from another way that the results obtained 
here is confident. Taking into account the existence 
of errors in the shipbome depths, it can be 
concluded that the relative error of 

altimetry-derived depths reaches the level of about 
7%, which is better than what expected. 

4 Conclusions 

This article has concentrated on the recovery of 
depths from the altimetry-derived gravity anomalies 
using a modified stochastic model. The 
comparisons to shipbome depths have shown that 
the results obtained here are satisfying. It should be 
pointed out that such depth models from altimeter 
data will not be sufficiently accurate for such 
purposes as maritime navigation and hazard 
prevention, but can be very useful in many research 
fields of oceanography (Hwang, 1999). Future 
improvements will be made by combining more 



accurate altimetry-derived gravity anomalies and 
the existing sparse shipboard depths. 
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Abstract. This paper describes the use of UK tide 
gauges, the sea level data from which have been 
located in the same geocentric reference frame as 
altimeter data from ERS2 using Global Positioning 
System (GPS) receivers, to provide an ongoing 
absolute calibration of the altimeter bias. The 
method is an extension of earlier work for 
TOPEX/Poseidon. However, the present analysis 
extends to the ERS-2 altimeter, which flies on a 
sun-synchronous orbit. The S 2 tide error of ERS-2 
will be aliased to a permanent local bias, so it 
cannot be detided by the harmonic method which 
was used in TOPEX/Poseidon calibration. The 
calibration sites were chose at the TOPEX/Poseidon 
and ERS-2 dual-satellite crossover points, in order 
to use TOPEX altimeter data to extract the tidal 
parameters. These tidal parameters were applied to 
ERS-2 altimeter data to reduce the affect of tide 
differences between data from the ERS-2 
calibration sites and tidal gauges. The time- 
averaged ERS-2 biases are derived over 24 
crossover points in 6 tidal gauges, and the mean is 
44.0cm with a 6.6cm RMS. When using first 1000 
days TOPEX/Poseidon data which is not overlay 
with ERS-2 data, the time-averaged biases is only a 
few millimetres different at each site. It suggest that 
other sun-synchronous satellites (with or without an 
overlap with TOPEX/Poseidon) can be similarly 
evaluated. 

Keywords. Satellite altimetry, ERS-2, calibration 



1 Introduction 

Several altimetric satellites were launched in the 
past decade for oceanographic purposes. Among 
them, ERS-2 (the second European Remote- 
Sensing Satellite), the successor of ERS-1, was 
launched on 21 April 1995 into near-circular orbit 
with a 35 days exact repeat period. Compared with 
TOPEX/Poseidon calibration (see Christensen et al. 
(1994), White et al., (1994), Menard et al. (1994), 
Murphy et al. (1996) Mitchum (1998, 2000) and 
Exertier et al. (2000) for examples of different 
approaches to T/P calibration), relatively little 
calibration has been performed for the ERS-2 
altimeter. Moore (2001) used dual satellites 
crossovers to analyse ERS-2 altimetric bias relative 
to TOPEX/Poseidon, and Moore et al. (1999b) also 
investigated the stability of ERS-2 altimetry during 
the ERS tandem mission. This paper describes a 
study of the utility of UK tide gauges equipped with 
Global Positioning System (GPS) receivers to 
provide an ‘absolute’ calibration of the range 
measurements by the ERS-2 radar altimeter (i.e. a 
determination of altimeter range bias). 

This study is an extension of the determination of 
the biases of the TOPEX and Poseidon altimeters 
by Dong et al. (2002). In that study, a number of 
gauges around the UK were used to calculate time- 
averaged TOPEX and POSEIDON biases with a 
precision of approximately 2 and 3 cm respectively. 



International Association of Geodesy Symposia, Vol. 126 
C Hwang, CK Shum, JC Li (eds.). International Workshop on Satellite Altimetry 
© Springer- Verlag Berlin Heidelberg 2003 




X. Dong et. al. 



The values of rms of the time series of gauge minus 
POSEIDON altimeter residuals after applying 
TOPEX derived tide-difference correction are in 
most cases comparable to those from TOPEX data, 
suggesting the possibility of extending that method 
to ERS-2 and/or Jason- 1 altimetry. Compared with 
the TOPEX/Poseidon calibration exercise, the ERS- 
2 study is more difficult because ERS-2 flies on a 
sun-synchronous orbit. In this case, the S2 tide will 
produce an unknown local mean relative bias which 
will influence the absolute calibration. The ERS-2 
calibration also expect a poorer precision due to its 
smaller data set (up to this study, only 55 ERS-2 
cycles were available) and poorer measure 
precision. 

2 Method of Analysis 

The altimeter bias can be expressed as 

Bias = [Sea level tg - Sea level aid 

- [Geoid tg - Geoid aid (1) 

where the sea level information for both data types 
must be measured within the same geocentric 
reference frame. The method for ERS-2 is based on 
the previous study for TOPEX/Poseidon, but the 
significant difference is the dual satellite crossovers 
are selected as calibration sites. At crossover site, 
the TOPEX derived tidal parameters can be applied 
to ERS-2 altimeter data. It is based on two features 
of the ERS-2 mission: longer repeat period and sun- 
synchronous orbit. The exact repeat period of ERS- 
2 is 35 days, which means only 55 cycles are 
available by May 2001. For a sun-synchronous 
orbit, the ocean tidal height of S 2 component is 
frozen when the satellite flies over one calibration 
site, which means a local bias will be introduced to 
the calibration result. 

The first step was to identify suitable ERS- 
2/TOPEX dual-satellites crossover points which 
should be not too far from tide gauges. The average 
ERS-2 tracks were reconstructed over particular 
ERS-2 cycles (cycle 21 to cycle 40 selected here, 
nearly 1997-1999), and TOPEX average tracks 
come from orbit information over cycle 140 to 
cycle 180 (nearly October 1996-November 1997). 
Then a segment-by-segment method was used to 
search crossover location. The British tide gauges 
are located at high latitude, where the longitude- 
latitude plot of TOPEX tracks is considerably 
curved and the coastline is irregular. In this 
situation, the crossover points near the coast are 
easy to be missed for some rapid search methods 



such as eastimating from the coordinates of the 
extremes top and bottom latitudes of each pass. On 
segment-by- segment method, all segments (here 
one segment is a line combined by two continue 1- 
second sampled altimeter footprints) of one satellite 
were compared with each segment of the other 
satellite to decide whether a crossover point exists. 
After editing the observations outside the studying 
region before doing a search, it needs only several 
minutes to complete this procedure using a normal 
workstation. 

In the vicinity of crossover points near the UK 
(with latitudes between 50°N-60°N), the change of 
latitude and longitude for ERS-2 is nearly linearly, 
so we can linearly interpolate in calculating the 
crossover coordinates for each overlap of ERS-2 
and TOPEX tracks. The nearest crossover points for 
4 situations (ERS-2 ascendant pass vs. TOPEX 
ascendant pass, ERS-2 ascendant pass vs. TOPEX 
descendant pass, ERS-2 descendant pass vs. 
TOPEX ascendant pass, ERS-2 descendant pass vs. 
TOPEX descendant pass respectively) were 
selected as calibration sites for each tide gauge 
(Figure 1). 




Fig. 1 shows the locations of 24 calibration sites (circles) around 
6 UK tide gauges. Dark lines are ERS-2 tracks, and light lines 
are TOPEX tracks. 
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The data processing employed for the tide gauge 
is essentially the same as that used in Dong et al 
(2002). To summarise, six tide gauges (Figure 1) 
provide an approximately even distribution around 
the UK. The tidal gauge measurements were 
transferred to a geodetic coordinate system by 
measuring the height of the tide gauge benchmark 
above the ellipsoid via GPS and levelling 
techniques. The tide gauge ellipsoidal heights were 
computed based on the campaign measurements, 
from a total of 11 campaigns carried out between 
1991 and 1999. Centimetric repeatability of vertical 
positioning has been achieved at these locations. 
More detail about GPS measurement in these 
gauges can be found in Dong et al (2002). The 
Tide gauge sea level at the time of the satellite 
overpass was obtained by linear interpolation of 
values integrated over 15 minutes (centred on the 
hour, 15 minutes past etc.). 

The ERS-2 altimeter data employed were those 
provided by the University of Newcastle. Data were 
corrected for the Earth body tide and ocean loading 
in order to reference the altimeter tidal signals to 
the solid Earth as far as possible for consistency 
with the gauge. No pole tide correction was applied 
because the tide gauges will measure the pole tide. 
The ocean tide difference between tidal gauge and 
crossover will be corrected by TOPEX derived 
parameters later. A local geoid model was used to 
relate the geoid undulation from the altimeter points 
to tide gauge sea level after a simple transformation 
of the altimeter data to the GRS-80 reference 
system. In the present analysis, geoid-differences 
were obtained from the EGG97 model provided on 
CD-ROM by H.Denker and colleagues from the 
Institut fur Erdmessung, University of Hannover. 
EGG97 differs from the earlier EGG96 (Denker et 
al., 1996) only in the underlying global geoid model 
and the spectral weights employed. The model error 
of the geoid difference between tidal gauge and 
crossover is 1-2 cm. 

The ocean tide differences cannot be extracted 
from ERS-2 data just as we state before. A regional 
ocean tide model can be used, but in this research 
ocean tide information were extracted from TOPEX 
data. No Poseidon data was employed because 
Poseidon data comprised only 10 percent of 
TOPEX data and there is a possible relative bias 
between the TOPEX and Poseidon altimeters. 

The altimeter and tidal gauge data was processed 
in several steps. At first, along track altimeter data 
was linear interpolated to produce a time series at 
each crossover point for both TOPEX and ERS-2 
sea surface height. In this step, no filter was used 



for either TOPEX or ERS-2 altimeter data because 
of edge effect problem. Among 6 tidal gauges, 5 are 
coastal gauges, so that most calibration sites are too 
close to the end of continuous observations. In 
another side, the along track noise should have not 
little affect to TOPEX derived tidal parameters. 
Then 15 minute interval tidal gauge data was 
interpolated according to TOPEX and ERS-2 time 
series respectively. The TOPEX altimeter data and 
corresponding tidal gauge data was used to extract 
the tide differences between tidal gauge and 
crossover point. After these tidal parameters are 
applied to ERS-2 time series, one ERS-2 bias could 
be calculated by average the sea level difference 
between tidal gauge and ERS-2 using equation 1 . 

3 Tide Difference Error of the S2 
Constituent 

Because the ERS-2 repeat period is exactly 35x2 = 
70 times the S 2 period, the ocean tide height of S 2 is 
frozen at one location. In this case, the error of S 2 
constituent cannot be averaged over time as other 
constituents, so it should be considered as a 
systematic error. 

In the process of ERS-2 calibration, the 
systematic error due to S 2 constituent is not caused 
by S 2 at either the tide gauge or the calibration site, 
but by the S 2 tide-difference. Based on this concept, 
the differences of main ocean tide constituents 
between tide gauge and calibration site can be 
estimated. The sea level difference A/z can be fitted 
with a harmonic representation 

Ah = Aa + Ab-t + cos(fi?y0 + Ad j sin(cDjt)] (2) 

j 

where, Aa and Ab are mean sea level at epoch 
and the rate of change of mean sea level. COj is the 

angular frequency of constituent j. ACj and 
Ad ■ are the parameters of constituent j. The 
coefficients Ac j and Ad j can be estimated from 

the sea level differences series by least squares 
method. 

For the method of least squares, the observation 
equations are written 

Y = H X 

where 
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Y = observations 
A = given parameters 
X = estimated parameters 
e = errors 



Let and be the elements of the 

principal diagonal of matrix A corresponding to 
coefficient Ac ■ and Ad ■ (S 2 constituent). Their 
formal error can be calculated as 



^Ac \ ^cc ^Ah 



^Ad - yl^dd ^Ah 



In practice, Acc is nearly equal to Add because 
that there are enough TOPEX cycles (about 300 in 
this paper) used and the exact repeat period of 
TOPEX is significantly different to the period of 
the S 2 constituent. So we have 

The above equation shows the system error due 
to the S 2 constituent is not sensitive to the time 
when ERS-2 passes over the calibration site. So that 
S2 causes a local bias for any sun-synch satellite 
and therefore the local S 2 errors can be calculated at 
each dual-crossover location (as shown in Table 1). 



Here, (J^j^ is standard derivation of the residuals. 

In the case of ERS-2, the observation time 
passing the calibration site for cycle N is 

t = (N-l)T + t^ 

So 

co-t = co(N-l)T +o)-tQ =2(N-V)7r-\-co-tQ 

where 

to = time of ERS-2 passing the calibration site at 
cycle 1 

T = exact repeat period for one cycle (35 days 
for ERS-2) 

So, the tidal height difference of S 2 tide when 
ERS-2 passes the calibration site is 

Ah^2 - cos(^;^20 + 

= Ac^2 COS(<5;^2^o) + 

where 

Ah^ 2 ~ tidal height difference of S 2 between tide 
gauge and calibration site 

Ac ^2 ’ ^^S 2 - parameters of constituent S 2 

Because the coefficients a and b are independent, 
then, 

= cos^(f»s2^o) + sin^(f»s2^o) 



Table 1. Absolute bias of ERS-2 altimeter 



T 

Pass 


E 

Pass 


Dis 

(km) 


N 


EB 

(cm) 


RMS 

(cm) 


ES22 

(cm) 


TB 

(cm) 


Nam 


189 


887 


46.7 


46 


47.1 


5.7 


0.6 


-1.6 


LW 


094 


515 


83.7 


47 


51.1 


8.2 


1.1 


10.5 


LW 


189 


704 


45.7 


48 


44.3 


5.7 


0.6 


0.9 


LW 


170 


160 


67.5 


46 


42.2 


7.2 


0.7 


-3.4 


LW 


087 


057 


47.4 


50 


38.1 


5.3 


1.0 


-1.3 


AB 


196 


057 


52.0 


49 


37.5 


4.3 


1.1 


-0.1 


AB 


087 


618 


57.4 


49 


46.4 


6.0 


1.0 


-1.2 


AB 


196 


618 


58.6 


49 


47.0 


5.3 


1.1 


-1.2 


AB 


163 


057 


96.5 


52 


32.2 


7.4 


1.5 


-1.2 


NS 


239 


446 


122.9 


51 


60.3 


7.1 


2.0 


7.8 


NS 


120 


532 


36.4 


46 


60.3 


3.1 


0.8 


3.7 


NS 


120 


601 


27.4 


50 


41.6 


5.5 


0.8 


1.2 


NS 


137 


973 


57.1 


51 


49.0 


15.6 


2.6 


7.7 


LO 


120 


973 


63.5 


48 


38.7 


11.3 


2.0 


-0.4 


LO 


137 


732 


79.7 


49 


40.6 


13.8 


3.1 


4.6 


LO 


120 


274 


59.7 


48 


38.3 


8.6 


1.9 


1.0 


LO 


137 


687 


67.4 


41 


46.2 


14.1 


3.8 


1.9 


NH 


137 


360 


112.9 


44 


39.4 


20.9 


5.6 


-1.5 


NH 


222 


687 


42.1 


42 


45.3 


9.1 


2.6 


0.4 


NH 


222 


360 


41.3 


44 


43.1 


9.3 


2.6 


0.8 


NH 


239 


573 


74.0 


52 


41.1 


9.4 


1.6 


-0.8 


NL 


070 


029 


59.5 


48 


42.5 


11.3 


2.1 


0.1 


NL 


239 


160 


73.0 


54 


45.7 


13.3 


3.1 


0.5 


NL 


070 


704 


53.2 


49 


39.2 


8.2 


2.1 


-0.2 


NL 


TP, ' 


rOPEX pass 


index; EP, 


ERS-2 


pass 


index; D, 



Distance between tidal gauge and crossover location; N, 
number of ERS-2 altimeter data; EB, time-average ERS-2 
bias; RMS, the standard derivation of EB; ES2, error of S 2 
tide difference; TB, time averaged TOPEX bias; Nam, 
tidal gauge name; LW, Lerwick; AB Aberdeen; NS, 
N.Shields; LO, Lowestoft; NH Newhaven; NL, Newlyn 



4 ERS-2 Absolute Bias Results 
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Table 1 presents estimates of bias for each of the 
tide gauges employed in this research (4 crossovers 
were used for each tide gauge). At each site, at least 
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41 valid ERS-2 observations were obtained from 
total 55 cycles available. 

Although the ERS-2 bias values obtained were 
found varying over 32.2cm to 60.3cm, we found the 
worst values are occurred on N. Shields. The 
numbers from remaining 5 gauges fell in a 
reasonable range of 38. lcm-5 1.1cm, while the 
differences between TOPEX biases (column 8 in 
table 1) are a few centimeters at the same crossover 
points. However, while the bias value obtained 
using different gauges are essentially the same (to 
within 13cm), the result from North Shields is very 
bad. At North Shields, the bias values of two ERS-2 
descending passes (pass 446 and 532) are more than 
20cm larger than those of the corresponding two 
ascending passes. 




Fig. 2 ERS-2 bias in cm. The average over 24 numbers is 44.0cm 
with a standard derivation of 6.6cm. 




Dhunca b a l i w an giuge and T/ERS’2 XiQ in km 



Fig. 3 shows the relation of error (including formal error and the 
systematic error of S 2 constituent) as a function of the distance 
from the tide gauge to the crossover point. 

The formal error of S 2 tidal height, which 
manifests itself as local bias in the case of ERS-2 
data, is only 1 cm at North Shields, so it cannot be 
responsible for above bias difference. Meanwhile, 
the mean TOPEX bias at these two ERS-2 
descending passes is 5.7cm greater than that at two 
ascending passes, which suggest sea surface 
topography difference and Geoid model error 
cannot explain most of the difference. One possible 
explanation concerns radial orbit error. The zeroth- 
order radial orbit errors due to the static 
geopotential is time independent at each location 
along ascending or descending track, but they are 
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different for ascending pass and descending pass 
even at the same location (Rosbborough, 1986). 
This may causes a big local bias somewhere. A 
short-arc precise orbit determination with the 
Herstmonceux laser ranging system or other precise 
ephemeris may help to answer this question. These 
biases with the error (formal error plus S 2 error) 
also plot in figure 2. The average bias over 24 
crossover points were 44.0cm with a root mean 
square error of 6.6cm. 

Figure 3 shows the relation between ERS-2 bias 
error (including formal error and the systematic 
error of S 2 constituent) and distance from the tide 
gauge to the crossover point. It seems the error is 
below 12 cm when the distance is less than 55km. 
When the distance increases to 55-80km, the errors 
may reach to about 18 cm. An error of 26.5cm 
occurs in Newhavan, where the sea level change is 
relative complex. We also can found from table 1 
that there is smaller rms for 3 northern gauges 
where the sea is more open where the 3 southern 
gauges located. So, for coastal tidal gauges, the 
altimetric sea level signal is still difficult to be 
cancelled by nearby tidal gauge even the distance is 
only about 100 km. 

There is not always another high-precision 
altimeter flying simultaneously when a sun- 
synchronous altimeter needs to be calibrated. In that 
situation, historical altimeter data provide a 
possibility to be used to calculate the tide 
parameters at a calibration site, as the main 
characteristics of the tide hardly change in a few 
years. To test this possibility, the first 2 years 
(1993-1994) of TOPEX data was used to extract the 
tide parameters instead of using all TOPEX data set 
as before. In this case, the resulting ERS-2 average 
bias was found to be 43.4cm, little different to the 
result obtained using the complete TOPEX data set. 
At most sites, the differences are no more than 5 
cm, but 2 sites with TOPEX descending pass show 
a significant difference (Figure 4, plotted as 
crosses). Further information shows there are only 
32 and 33 TOPEX observations existing during the 
first two years at these two sites, which seem not 
enough to provide a stable solution for 26 tidal 
parameters estimated in equations 2. When the data 
sample was extending to 1000 days, biases at these 
two sites are close to that from whole TOPEX data 
set (Figure 4, plotted as circles). Although the 
difference reached a few centimeters at single 
calibration site, the average bias difference over all 
24 calibration sites is less than 1 cm for both cases. 
It suggests that available TOPEX data set has the 
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ephemeris. After all, the average value over 24 
biases was 44.0cm with a root mean square error of 



ability to provide useful tidal information for the 
calibration of future sun-synchronous altimetry. 




Fig. 4 difference of the bias by using full TOPEX data and first 
700(cross)/1000(circle) days data. 



5 Summary 

As an extension of TOPEX/Poseidon absolute 
calibration, UK tide gauge data, TOPEX-derived 
tidal parameters, GPS measurements and a local 
geoid model are used to provide an absolute 
calibration for ERS-2 altimeter. The calibration 
sites were chose at TOPEX/ERS-2 dual-crossover 
so the TOPEX data was used to correct ocean tide 
in ERS-2 altimeter data. A segment-by-segment 
method was introduced to search these crossovers 
nearby tidal gauges. 

In the case of ERS-2, the ocean tide height of S 2 
is frozen at one location as a local bias, so it will 
produce a systematic error. This error is not 
sensitive to when ERS-2 passes over the calibration 
site, and the paper also give a formula to estimate 
this error. Over 24 crossovers used here, this error 
changes from no more than 1 cm to 5.6cm in 
different sites. So using more tide gauges seems 
helpful to reduce the effect of S 2 tidal error. 

The time-averaged ERS-2 biases derived over 24 
crossovers fit each other without no more than 
13cm except for N Shields. There, the bias values 
of two ERS-2 descending passes (pass 446 and 532) 
are more than 20cm larger than those of the 
corresponding two ascending passes. Neither S 2 
tidal error, sea surface topography nor Geoid model 
error can explain this different. A possible source is 
geography-related orbit error due to potential model 
error, which may be examined by short arc precise 
orbit determination or using other precise 



6.6cm. 

The relation of calibration error and the distance 
seems not very clear, although the error is less than 
12 cm when the distance is close than 55km in 
compare with about 18 cm when the distance 
increases to 55-80 km. An obvious fact is smaller 
rms for 3 northern gauges where the sea level signal 
is less complex. It seems the altimetric sea level 
signal is still difficult to be cancelled by nearby 
coastal tidal gauge even the distance is only about 
100 km. 

The possibility of using historical altimeter data 
provides tide parameters for the calibration of 
future altimeter missions. When the first 1000 days 
TOPEX data (which not overlap ERS-2 mission) 
was used to calculate ERS-2 bias, the mean of 24 
differences is less than 1 cm although the difference 
reached quite a few centimeters at single calibration 
site. It suggests that available TOPEX data set has 
the ability to provide useful tidal information for 
the calibration of future sun- synchronous altimetry. 
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Abstract. The ‘BM4’ four-parameter (Gaspar et al.. 
Journal of Geophysical Research, 1994) empirical 
model of sea state bias based on wind stress and 
significant wave height (SWH) is applied in both 
crossover and collinear analyses of all available 
TOPEX, Poseidon and Jason- 1 data provided by the 
Radar Altimeter Database System at Delft 
University of Technology. The relative biases are - 
2%, -5% and -A% of SWH for TOPEX, Poseidon 
and Jason- 1 respectively. Estimates of the 
uncertainties on the lower-order coefficients are 
large and unhelpful. For each altimeter, crossover 
analyses resulted in a greater proportion of the 
variance in sea surface height differences explained 
by the calculated model than collinear analyses. 
From the available Jason- 1 data, the calculated 
crossover model performs as well as the sea state 
bias model provided with the data. 

Keywords. Sea state bias, satellite altimetry, 
parametric model 



1 Introduction 

The sea state bias (SSB) is a correction applied to 
satellite altimeter data in an attempt to estimate the 
true mean sea level of the oceans. The SSB 
encompasses the electromagnetic bias, which 
occurs due to the shape of the ocean waves. The 
peaks scatter more of the radar return signal than is 
reflected by the wave troughs and thus the observed, 
or estimated mean sea level is biased lower than the 
true mean sea level (e.g. Jackson, 1979). The sea 
state bias also includes the skewness bias and the 
tracker bias, making the SSB instrument dependent. 
Further information can be found in, for example, 
Fu (1990) and AVISO (1994). 

This phenomenon has been addressed in many 
studies, and became especially important when the 
TOPEX/Poseidon satellite was launched due to the 
both expected, and then obtained, smaller error 



budget (e.g. Nouel et al., 1994). It remains today 
one of the largest sources of error (Chelton et al., 
2001) in satellite altimeter measurements. 

Theoretical investigations of the sea state bias 
include the work of Jackson (1979); Barrick and 
Lipa (1985); Srokosz (1986); and more recently 
Elfouhaily et al. (2000), but are still not able to 
predict the bias well enough without including 
other techniques, since predictions of wave state 
and ocean dynamics are complicated. Therefore, 
empirical analyses provide the best SSB models on 
a global scale. An empirical analysis using 
processed and corrected altimeter data means the 
components of the SSB cannot be independently 
investigated, resulting in an instrument-dependent 
correction. Chelton et al. (2001) give a more 
detailed and recent review of both theoretical and 
empirical estimation techniques. 

An empirical, parametric analysis of the sea 
state bias, such as the four-parameter model 
described in Gaspar et al. (1994 hereinafter referred 
to as GOLZ94) remains, for it's simplicity, one of 
the best models available. It involves a linear 
regression on altimeter sea surface height 
differences (ASSH), derived using a variety of 
techniques, of the form: 

BM4(l^WH, AU) = ASWH[ao + aiAU + + 

asASWH] 

( 1 ) 

where ASWH are significant wave height 
differences and AU are wind speed differences. 

The GOLZ94 analysis was performed on 
TOPEX and Poseidon data at crossover locations 
from cycles 2-30. One main reason for 
readdressing this issue is due to the vast increase of 
altimeter measurements now available. Is the 
GOLZ94 model still valid or can an improved 
correction be derived with these simple techniques 
using a much larger dataset? 

This paper uses Eq. (1) to estimate coefficients 
ao through using both crossover and collinear 
analyses of various (subsets of) TOPEX, Poseidon 
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and Jason- 1 data. In section 2, the methods 
common to each analysis will first be addressed, 
followed by a description of each analysis technique 
and the data used. Section 3 discusses the results 
for each altimeter. Determining criteria for 
comparing the resulting models is not 
straightforward. The conventional method for 
determining confidence intervals underestimates the 
uncertainties in the model, since the residuals are 
not truly independent (e.g. Chelton, 1994). This 
paper follows the suggestion of Chelton (1994) to 
use the standard deviation of the bias models 
derived from individual cycles, for each coefficient, 
to provide a rough estimation of the uncertainties 
(see section 3.1 for more details). Therefore, a 
comparison of models has mainly been based upon 
two other methods. First, how much of the ASSH 
variance can be ‘explained’ by each model (as a 
percentage). The model residuals are also checked 
for trends in both lASWHI and lAUI. Finally, in 
section 4 a summery of the main findings are given, 
conclusions are drawn and a description of future 
work is provided. 

2 Analysis Methods and Data Sets 

Altimeter data stored in the Radar Altimeter 
Database System (RADS), developed at the Delft 
University of Technology have been used in this 
study (see http://www.deos.tudelft.nl/altim/rads/) . 
This database contains all altimeter data since the 
Geosat mission, and special attention has been paid 
to the calibration and validation of the raw data, and 
to the “harmonisation” of the geophysical 
corrections and data themselves (Naeije et al., 2001). 

As usual with altimeter data, to obtain the 
required SSH, SWH and U differences (whichever 
the method), certain corrections and editing criteria 
must be applied. The corrections and checks 
applied that are common to all analyses are shown 
in table 1. Those corrections specific to a particular 
analysis method are discussed in the following 
sections. 

All analyses included the removal of outliers (> 
3a) in the ASSH, ASWH and AU data prior to the 
regression, in an attempt to obtain a more robust 
bias for the majority of the SWH and U conditions. 

2.1 Initial Analysis of TOPEX/Poseidon 
Crossovers 



Table 1. Models used, corrections applied and limits set that are 
common throughout the various analyses 


Correction 


Model used and data 
selection limits 


Dry Troposphere 


ECMWF model 
(-2.4 to -2.1m) 


Wet Troposphere 


Radiometer (-0.6 to 0.0 m) 


Ionosphere 


Smoothed dual-frequency 
(-0.40 to -1-0.04 m) 


Inverse Barometer 


ECMWF pressure (-1 to H-1 
m) 


Solid Earth Tide 


Applied (-1 to -1-1 m) 


Pole Tide 


Applied (-0.1 to h- 0.1 m) 


Sea State Bias 


Not applied 


Significant Wave Height 


0 to 1 1 m 


Backscatter Coefficient 


7 to 20 dB 


Wind Speed 


0 to 30 ms~^ 


Deep Ocean 


Ocean depth >2251 m 



The main aim of this initial analysis was for 
validation of the analysis method used by 
performing a comparison to the results of GOLZ94 
who developed the four-parameter model for 
TOPFX/Poseidon. Differences in SSH, SWH and 
U were performed at crossover locations for 
TOPFX and Poseidon cycles 2-30 (4* October 
1992 to 28^^ July 1993). Data were obtained for all 
TOPFX-only and Poseidon-only (i.e. single- 
satellite) crossovers. Stringent criteria were placed 
on the data before processing. The common 
corrections and editing criteria (table 1) were 
applied. In addition, for this analysis a number of 
what are now considered older corrections were 
used. The vast improvements made to the data and 
corrections since the beginning of the TOPFX 
altimeter mission, due to the high quality of the data 
themselves, have also led to differences in the 
models being used in this work and those used in 
GOLZ94, which are: 





Initial 

analysis 


Gaspar et al. (1994) 


Orbit model 


JGM-3 


CNES orbit based on 
DORIS measurements, not 
corrected for orbit error 


Ocean/load 

tide 


CSR3.0 


Cartwright and Ray (1990) 


Geoid/mean 
sea surface 
height 


OSU 95 
MSS 


Not applied. 



The linear analysis (Fq. 1) was performed on 
crossovers from each individual cycle, and all 
crossovers for cycles 2-30 collectively, where the 
difference in time (AO between ascending and 
descending passes is less than 5 days. 
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2.2 Comprehensive Analysis of (cycles 2-30), TOPEX full T-averaged collinear 
TOPEX/Poseidon and Jason-1 Crossovers analysis (cycles 2-354) and Jason full l°-averaged 

collinear analysis (cycles 2-25), respectively. 

Data were obtained for all TOPEX, Poseidon and 

Jason -1 single-satellite crossovers as shown in table 3 Four-parameter Models of Sea State 
2 Bias 



Table 2. Cycles and corresponding dates of the data used in the 



comprehensive crossover analyses 



Satellite Cycles Dates 

crossovers 

TOPEX 2-354 4 Oct 1992 - 4 May 2002 

Poseidon 2-307 4 Oct 1992 - 23 Jan 2001 

Jason- 1 2-25 25 Jan 2002 - 20 Sep 2002 



This section explains the various four-parameter 
models of sea state bias obtained for the various 
analyses described in section 2. The results are 
organised so as to first discuss the bias models for 
each altimeter individually. 

3.1 TOPEX Models 



The common corrections and editing criteria 
(table 1) were applied. In recent years models for 
the ocean and load tide correction and the mean sea 
surface model have been improved and updated (e.g. 
Lefevre et al., 2000; Ray, 1999; Koblinsky et al., 
1999). The following corrections were used, in an 
attempt to obtain the best possible data (see also 
section 3.1): 

TOPEX/Poseidon orbit model JGM-3 

Jason- 1 orbit model CNES 

Ocean and Load tide GOT00.2 

Geoid/Mean Sea Surface Height GSFCOO. 1 

Section 3.1 provides more detailed information 
about the choice of the corrections applied. 

2.3 Collinear Analyses 

The method is the same as the crossover analyses 
described in sections 2.1 and 2 . 2 , apart from the 
calculation of the SSH, SWH and U differences. 
The differences were performed at the same 
geographical location between data from one cycle 
and those from the following cycle, a collinear 
analysis. Since the Poseidon altimeter was active 
for only approximately 10 % of the time, data for 
consecutive cycles were rarely available. Therefore, 
results were obtained for TOPEX and Jason- 1 only. 

Collinear analyses provide a vast amount of data, 
a computer with a large amount of memory was 
required to process the 26 subsets used in the initial 
analysis. Therefore to reduce the amount of data 
yet increase the number of cycles to be included, 
average SSH, SWH and U differences were 
calculated on a global 1 ° x 1 ° latitude-longitude 
grid prior to the regression analysis. These data sets 
are referred to in the text as TCAi, TCAf and JCAf, 
for TOPEX initial l°-averaged collinear analysis 



Following Eq.l, coefficients uq through <23 were 
obtained for individual TOPEX cycles 2-30, for the 
crossover (table 3) and collinear (table 4) data sets. 

The TXOi model obtained from over 16,000 
crossovers is shown in table 5. 



Table 3. Values of coefficient <20 and model fit for the initial 
analysis of TOPEX crossover data for cycles 2-30. 



Cycles 


ao as 


ASSH 


Variance 


Numbe 




%SWH" 


variance 


explained 


rof 






‘T’ cm^ 


‘E’ cm^ 
(%E/T) 


XOs 


02 


-1.77 


62.09 


5.97 (10) 


5976 


03 


-2.04 


60.94 


7.05 (12) 


4092 


04 


-1.52 


61.75 


5.57 (09) 


4098 


05 


-2.00 


66.35 


6.98(11) 


4780 


06 


-2.13 


55.52 


5.90(11) 


3694 


07 


-2.10 


68.03 


9.43 (14) 


6015 


08 


-1.98 


50.31 


5.29(11) 


4434 


09 


-1.87 


49.52 


5.69(11) 


3422 


10 


-2.02 


54.47 


5.89(11) 


6632 


11 


-2.64 


61.26 


9.71 (16) 


5443 


12 


-2.20 


55.20 


7.90 (14) 


4410 


13 


-2.63 


61.26 


11.05(18) 


5361 


14 


-2.69 


56.94 


9.27 (16) 


5050 


15 


-1.88 


49.90 


5.98 (12) 


5798 


16 


-2.23 


61.64 


10.17(16) 


4646 


17 


-2.06 


54.31 


7.21 (13) 


7687 


18 


-1.85 


47.87 


5.25 (11) 


7614 


19 


-1.91 


70.73 


7.84(11) 


7521 


21 


-1.96 


62.84 


9.79 (16) 


7439 


22 


-1.80 


54.31 


5.69 (10) 


7322 


23 


-1.45 


61.93 


5.34 (09) 


7087 


24 


-1.96 


60.21 


6.40(11) 


6806 


25 


-1.90 


61.97 


6.41 (10) 


6713 


26 


-1.65 


60.17 


5.90 (10) 


6474 


27 


-1.55 


55.14 


5.73 (10) 


6253 


28 


-1.96 


51.19 


4.73 (09) 


6109 


29 


-1.23 


56.77 


4.12(07) 


5958 


30 


-1.60 


63.60 


4.41 (07) 


5870 


2-30 


-1.93 


55.33 


6.31 (11) 


160378 



coefficient ao is expressed as the ‘relative bias’ in terms of 



%SWH 
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The total variance in ASSH is 55.33 cm^ and the 
variance in ASSH explained by the TXOi model is 
6.31 cm^, i.e. the total variance in ASSH is reduced 
by 6.31 cm^ after the model has been applied. It is 
more useful to explain this as a percentage then 
comparisons can be more quickly made between 
models obtained from different analysis methods 
(crossover, collinear, etc.) with different total ASSH 
variance. 11% of the total ASSH variance can be 
explained by the TXOi model. 

The main purpose of performing the linear 
regression on individual cycles is to use the 
standard deviation of the individual cycle values of 
each coefficient as error estimates for the 
coefficients obtained from the combined TOPEX 
crossover (TXOi) and collinear (TCOi) data sets. 
The T stands for the ‘initial’ analysis of cycles 2- 
30. This method is preferred since the use of the 
variance of the residuals (the ‘unexplained’ part of 
the model) will result in underestimated values 
because the residuals are somewhat correlated 
(GOLZ94; Chelton, 1994). 



Table 4. Values of coefficient ao and model fit for the initial 
collinear analysis of TOPEX data 



Cycles 


ao as 
%SWff 


ASSH 
variance 
‘T’ cm^ 


Variance 
explained 
‘E’ cm^ 
(%E/T) 


Number 
of data 
points 


2-3 


-2.03 


82.03 


9.86 (12) 


348372 


3-4 


-2.20 


80.65 


8.87(11) 


278309 


4-5 


-2.19 


80.85 


8.25 (10) 


303343 


5-6 


-2.15 


78.11 


7.34 (09) 


327568 


6-7 


-2.21 


79.49 


7.42 (09) 


328932 


7-8 


-2.09 


80.10 


8.44(11) 


357893 


8-9 


-2.09 


69.84 


6.37 (09) 


246393 


9-10 


-2.09 


74.15 


6.68 (09) 


315733 


10-11 


-2.54 


77.37 


8.97 (12) 


384557 


11-12 


-2.55 


74.46 


9.09 (12) 


336305 


12-13 


-2.65 


80.60 


11.52(14) 


328544 


13-14 


-2.64 


80.37 


12.17(15) 


307527 


14-15 


-2.42 


68.32 


8.85 (13) 


313262 


15-16 


-2.12 


75.34 


7.98(11) 


342191 


16-17 


-2.34 


74.11 


7.97(11) 


351223 


17-18 


-2.00 


75.00 


7.49 (10) 


450078 


18-19 


-2.00 


82.93 


8.46 (10) 


446023 


21-22 


-1.97 


76.16 


6.75 (09) 


442754 


22-23 


-1.73 


73.22 


5.96 (08) 


440002 


23-24 


-1.63 


68.73 


4.91 (07) 


431737 


24-25 


-2.05 


78.39 


7.74 (10) 


431069 


25-26 


-2.00 


73.24 


7.77(11) 


428082 


26-27 


-1.97 


75.93 


7.47 (10) 


421886 


27-28 


-1.76 


70.37 


5.31 (08) 


417908 


28-29 


-1.86 


66.28 


4.98 (08) 


414270 


29-30 


-1.62 


75.72 


4.89 (06) 


409061 


2-30b 


-2.07 


76.00 


7.38 (10) 


9602676 


2-30c 


-1.97 


54.81 


5.90(11) 


613774 



^ coefficient ao is expressed as the ‘relative bias’ in terms of 



%SWH 

combined from individual cycles (TCOi) 



^ 1° X 1° latitude-longitude gridded averages of ASSH, ASWH 
and AU (TCAi) 

Difficulties with this method arise with the ‘full’ 
data sets where time constrains the processing for 
each individual cycle. Uncertainties for the TXOi, 
TCOi, and JCOi models determined in this way are 
given in table 5. It can be seen that lower order 
terms yield much greater uncertainties and are not 
entirely useful for providing statistical evidence that 
use of certain parameters improves the sea state 
bias estimation. 

In comparison, the model of GOLZ94 (Eq. 17c), 
which has been regularly applied to TOPEX 
altimeter data since 1994, is also provided in table 5. 
The coefficients were obtained from a similar linear 
regression analysis on crossovers from TOPEX 
cycles 2-30. Variance in ASSH was 127.71 cm^ 
and that explained by the GOLZ9417c model was 
7.33 cm^ (only 6% of the total ASSH variance). 

The intention in this initial crossover analysis 
was to use as similar data as possible to that used in 
the GOLZ94 study. It appears from the difference 
in total variance between TXOi and GOLZ17c that 
the corrections applied, and data selection criteria 
have some impact on the model estimation. 
However, the uq coefficients, referred to as the 
‘relative bias’ are around -2% of SWH. It is only 
the lower-order terms in the models that yield much 
greater uncertainties. Table 6 shows the 
coefficients uq through for models obtained from 
TOPEX cycles 2-30 combined when different 
corrections and selection criteria for the data are 
applied. 

The mean residuals of the models in Table 6, as 
a function of lASWHI and lAUI are shown in figure 
1. The residuals are small, with largest differences 
between models occurring where the SWH and U 
differences are greater. The distribution of 
crossovers in ASWH and AU is shown in figure 2 
(dotted lines) along with those from the TCAi 
analysis (solid lines). 

Less than 0.1% of the data points fall into the 
category of ±3.5 m in ASWH or ±11 ms'^ in AU. 
These results indicate that the use of different 
corrections does not greatly influence the result. 

The model that resulted in the largest amount of 
variance explained when compared to the total 
variance occurred when the GOT00.2 ocean and 
load tide model was applied to the data. Similarly, 
the GSFCOO.l MSS model increased the amount of 
variance explained by the model when compared to 
using EGM96, OSU 95 MSS, or not applying a 
geoid or MSS model altogether. These findings 
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were the basis for using both the GOT00.2 and analyses. 

GSFCOO.l corrections in the more comprehensive 



Table 5. Coefficients obtained for various models of SSB. A breakdown of the model names is: T = TOPEX, P = Poseidon, 
J = Jason- 1, XO = crossover, CO = collinear, CA = collinear l°-averaged, i = initial analyses and f = full ana lyses 



Model 


ao 


<2i (xlO'^) 


<22 (xlO'^) 


«3 (Xl0'=) 


TXOi 


-0.0193 ± 0.0034 


-fO.012 ± 0.424 


-0.069 ± 0.043 


+0.0007 ± 1.4 


GOLZ94 (Eq.lTc) 


-0.0190 ± 0.009 


-3.7 ±0.8 


+0.14 ±0.03 


+2.7 ±1.1 


TCOi 


-0.0207 ± 0.0028 


+0.0062 ±0.3184 


-0.069 ± 0.032 


+0.28 ± 1.72 


TCAi 


-0.0207 


+0.054 


-0.12 


+0.34 


TXOf 


-0.0204 


+0.0028 


-0.082 


-0.75 


TCAf 


-0.0202 


+0.0083 


-0.13 


+0.3 


PXOf 


-0.0485 


-0.18 


-0.068 


-0.04 


JCOi 


-0.0415 ± 0.0028 


+0.067 ± 0.3 


-0.019 ±0.023 


+0.42 ± 0.94 


JXOf 


-0.0354 


+0.011 


-0.052 


-0.58 


JCAf 


-0.0355 


-0.018 


-0.047 


-0.57 




Fig. 1 Mean residuals of regressions shown in table 6 as a function of lASWHI and lAUI on data from TOPEX crossovers cycles 2-30, 
obtained by modifying different corrections and selection criteria. The mean residuals are calculated in bins of 1 m and 1 ms'^ for 
lASWHI and lAUI respectively. 



Table 6. Values of coefficients ao to for the initial analysis of 
TOPEX data, cycles 2-30, varying the models used in the 
selection of the data. 



Model used / parameter 
modified 


ao 


<2i^ 


a2 




EGM96 gravity model 


-1.93 


0.9 


-6.0 


2.4 


GSFCOO.l MSS 


-1.93 


1.9 


-7.0 


2.1 


Geoid/MSS model not 


-1.95 


-0.8 


-6.9 


6.1 


applied 

FES99 ocean tide & 


-1.91 


4.1 


-7.1 


-0.3 


loading 

GOT00.2 ocean tide & 


-1.89 


3.9 


-7.1 


8.7 


loading 

‘local-global’ inverse 
barometer 


-1.93 


0.6 


-7.0 


2.3 


Significant wave height 
< 8 m 


-2.00 


0.4 


-7.8 


4.9 


Standard deviation of 
above 


0.03 


1.8 


0.5 


3.0 



^ expressed as %SWH 

X 10 = 




Wind Speed, U (m/s) 

Fig. 2 Contours of the distribution percentage of TOPEX 
crossovers (dotted) and 1 “-averaged collinear (solid) analyses for 
cycles 2-30 in terms of ASWH and AU. 
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An inverse barometer correction based on a global 
mean air pressure (rather than the fixed 1013.3 
mbar resulted in only a minor improvement in the 
model. The standard inverse barometer correction 
was applied in all TOPEX analyses. 

Not surprisingly, reducing the data set to only 
include SWH < 8 m also improved the amount of 
variance explained by the SSB model, but only by 
0.1%. Therefore, in the more comprehensive 
analyses the upper limit of 1 1 m was still applied. 

The coefficients for the model obtained from the 
TXOf analysis on crossovers from cycles 2-354 is 
shown in table 5 and in figure 3a as a function of 
SWH and U, along with the mean residuals as a 
function of ASWH, figure 3b, and AU in figure 3c. 

At average wave heights (around 2 m) and wind 
speeds (around 7.5 ms'^), the TXOf bias is < 10 cm. 
The mean residuals show trends with both ASWH 
and AU, indicating the bias could yet be improved. 
The residuals for ASWH are large for TXOf (±4 
cm), though between ± 3 m ASWH the residuals are 
± 1 cm. Having said that, there could still be useful 
information to be obtained about the SSB in the 
larger values of ASWH and AU. Approximately 
16% of the total variance in ASSH can be explained 
by this model. 

Chelton (1994) conducted a collinear analysis of 
TOPEX data and found that the four-parameter 
model obtained agreed to within ±1 standard 
deviation of the GOLZ94 crossover model. The 
four-parameter model from all data points in the 
current collinear (TCOi) analysis, combined from 
the results from the 26 individual cycle-cycle 
subsets is shown in table 5. 

Again, the bias is approximately -2% of SWH. 
The total variance in ASSH is greater than in the 
TXOi analysis, 76.0 cm^, and the amount of 
variance explained by the TCOi model is 7.38 cm^ 
(or 10% of total ASSH variance). This result is 
obtained from over 9.5 million data points! 

Table 4 also shows the results from the individual 
subsets. Despite the time difference (At) between 
SWH and U measurements being approximately 10 
days, while for the crossover analyses the maximum 
At was set to 5 days, the standard deviation of the 
individual coefficients for the two analysis methods 



are all of the same order, and explain a similar 
amount of the total ASSH variance. 

The model obtained from the TCAi (1° x 1° 
average) is shown in table 5 and figure 4 shows the 
mean residuals for both TCOi and TCAi as a 
function of both ASWH and AU. 

Interestingly, the residuals obtained for the 
TCOi model do not appear to show any correlation 
with AU, and perhaps only a slight correlation with 
ASWH . In terms of numbers of observations this 
data set was by far the largest. It seems that the 
bias estimate is robust for the majority (>1%) of 
ASWH and AU conditions. 

The residuals from TCAi are slightly larger, also 
show trends with both ASWH and AU, and are 
similar to the TXOf (table new) results shown in 
figure 3. These results are only slightly improved 
in the more comprehensive analysis, TCAf, shown 
in figure 3e, where the mean residuals are ±3 cm at 
ASWH of ±4 m. The residuals as a function of AU 
figure 3f and figure 4d are almost identical. The 
TCAf SSB model is given in table 5 and shown in 
figure 3d, and is also < 10 cm for average SWH and 
U conditions. 

During 1999 degradation of the TOPEX 
altimeter data was noticed and a decision was made 
to change from the TOPEX Side-A altimeter (Alt- A) 
to the Side-B (Alt-B) altimeter, which was switched 
on at the beginning of cycle 236. This has two 
potential impacts on the current study. First, the 
impact of the degraded parameters, and second the 
impact of a new instrument on SSB estimations. 

Since cycle 130 through to the switch of of the 
Alt-A instrument at the end of cycle 235, the main 
parameter affected was SWH. However, for most 
applications the degradation gave no significant 
loss in quality (Dorandeu, 1999). 

An investigation into the relative bias (%SWH) 
for a three-parameter SSB model found that there 
were no significant differences between the two 
instruments (Dorandeu, 1999). However, this was 
obtained with only the first 6 cycles of Alt-B data. 
Separating the TOPEX data into Alt-A and Alt-B 
subsets, some differences in the coefficients were 
found, yet the relative bias remained -2%SWH. 
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0 1 2 3 4 5 0 5 10 15 




|ASWH| (m) |AUl(m/s) 



Fig. 4 Mean residuals of regressions as a function of ASWH (a and c) and AU (b and d) from TOPEX collinear analyses TCOi (a and b) 
and TCAi (c and d) shown in table 5. The mean residuals are calculated in bins of 1 m for ASWH and 1 ms'^ for AU. 

variance explained by the model is 30.45 cm^ (or 
3.2 Poseidon Models 41%). A relative bias of -4.9% SWH is consistent 

with that of GOLZ94. It is larger than the TOPEX 
The stringent data selection and editing criteria in relative bias, due to a larger tracker bias, the 

the current work resulted in only 52 crossovers for instrument-dependent part of the SSB. Mean 

Poseidon cycle 20 compared to X used in the residuals (not shown) are also consistent with those 

GOLZ94 study. A more comprehensive analysis of from the TOPEX analyses, and also yield trends 

Poseidon crossovers for cycles 2-307 gives the dependent on both ASWH and AU, with residuals 

PXOf model in table 5, calculated using over for the latter only slightly larger than those found 

62,000 crossovers (see also figure 5). for TX 

The total variance in ASSH is higher than that 
found for TOPEX (TXOf) at 74.41 cm^ but the 
Of. 
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Fig. 5 The Poseidon sea state bias model as a function of SWH 
and U as calculated from crossovers from cycles 2-307 (PXOf 
analysis). 



3.3 Jason-1 Models 

The four-parameter model for Jason- 1 crossovers 
from cycles 2-25 is shown in table 5 and figure 6a, 
and is based upon almost 120,000 crossovers. 

The total variance in ASSH is 66 cm^ and that 
explained by the JXOf model is 17.49 cm^ (or 
26.5%). When the explained variance is subtracted 
from the total variance the remaining variance is 
48.51 cm^, and only slightly higher than the total 
ASSH variance of 47.01 cm^ obtained on the same 
data when the SSB correction provided with the 
Jason- 1 data was used. 



The SSB model calculated for the collinear 
analysis of Jason- 1 data, based on a combined data 
set from 14 cycle-cycle subsets is shown in table 5. 
Similar to the TXOi and TCOi analyses, the error 
estimates for all but the relative bias coefficient are 
large. 

The SSB model calculated for collinear analysis 
of Jason- 1 data, based on a 1° x 1° latitude- 
longitude average of data from cycles 2-25 is 
shown in table 5 and figure 6b. The total ASSH 
variance calculated for this model is 73.87 cm^ and 
the variance in ASSH explained by the model is 
14.35 cm^ (or 19.4%). 

The mean residuals for all the Jason- 1 models 
(not shown) are similar to those obtained from the 
TOPEX (figure 3) and Poseidon analyses. 

4 Summary, Conclusions and Further 
Work 

Following GOLZ94, coefficients ao through as for a 
four-parameter model (Eq. 1) were obtained using a 
subset of TOPEX crossover data (cycles 2-30). The 
standard deviation of the coefficients provided the 
error estimate on each coefficient for the initial 
crossover analysis (TXOi). For all but the uq 
coefficient (the relative bias), these error estimates 
are large and not very useful. A more appropriate 
method for determining whether differences 
between models are significant should be found. 
This is one goal of future work. 




Fig. 6 The Jason- 1 sea state bias model as a function of SWH and U, a) calculated from crossovers from cycles 2-25 (JXOf), and b) 
calculated from the collinear analysis (JCAf) based on averages on a 1° x 1° latitude-longitude grid. 



In terms of mean residuals as a function of all data points for cycles 2-30 (TCOi) provided the 

lASWHI and lAUI, the coUinear analysis including best model in terms of estimation over the greatest 
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variety of wave conditions. However, the 
percentage of the total variance explained by the 

The model that explained most of the ASSH 
variance was the model based on the comprehensive 
crossover analysis (TXOf). This was also the case 
with both Poseidon and Jason- 1 altimeters. Since 
the Jason- 1 (JCOi) analysis used data from almost 
as many cycles as the JXOf data set it does not 
appear worth the extra computational time to do a 
‘full’ collinear analysis for TOPEX. 

The choice of corrections applied to the data did 
not greatly influence the overall calculations of SSB 
as was shown in figure 1 and table 6. 

The Poseidon sea state bias was found to be -5% 
SWH, while the best estimate for a Jason- 1 four- 
parameter sea state bias is -4% SWH. Both models 
explain more of the variations in ASSH than the 
TOPEX four-parameter SSB. 

This work provides only an initial study of the 
Jason- 1 data currently available. These data 
originate from the intermediate geophysical data 
records (IGDRs) and are currently undergoing 
calibration and validation. The JXOf four- 
parameter model explains almost as much of the 
variance in ASSH as the SSB model provided on the 
IGDRs. 

As the mean residuals of most of the SSB 
models examined here still show some trends with 
both lASWHI and lAUI parameters, SSB models 
were calculated with different combinations of 
parameters. This work will be published at a later 
date. 
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Abstract. In this paper, the overall editing criteria 
for aitimetric data are considered and the coordinate 
datums of various aitimetric data are unified to an 
unique one. A method of full-combined crossover 
adjustment for different aitimetric tracks is used to 
improve the radial orbits of Geosat, ERS-1 and 
ERS-2 data. In addition, the method for determining 
Mean Sea Surface (MSS) by using multi-altimetric 
data is developed. The data used to compute 
WHU2000 MSS includes 7 years of Topex/ 
Poseidon data (from cycle 11 to 249), 2 years of 
Geosat ERM data (from cycle 1 to 44), 5 years of 
ERS2 data (from cycle 1 to 52) and all ERS-1 168- 
day data. The WHU2000 MSS is determined with a 
grid resolution of 2'xT within the ±82° latitude and 
its precision is better than 0.05m. For an external 
check, WHU2000 MSS is compared with 
CLS_SHOM98.2 MSS, GFZ MSS95A and OSU 
MSS95, and the corresponding STandard Deviation 
(STD) of the comparing differences are ±0.090m, 
±0.21 Im and ±0,079m respectively. The results of 
the comparisons show that the precision of 
WHU2000 MSS is in the same level with 
CLS_SHOW98.2 and OSU MSS95 but its 
resolution is higher than the latter ones. 

Keywords. Altimetry, Mean Sea Surface, 
Crossover adjustment 



1 Introduction 

The determination of MSS is an important scientific 
problem in the fields of geoscience and 
environment science nowadays. MSS referenced to 
an earth ellipsoid contains the information of geoid 
and Sea Surface Topography (SST), therefore it is 
widely used in geoid determination and in the study 
of sea surface temporal variability, crust movement, 
ocean circulation et al. Satellite altimetry is a 
technique of space geodesy developed in 1970’ s 



with the techniques of space, electronics and 
microwave to measure the global Sea Surface 
Height (SSH). Since satellite altimetry can provide 
highly repeated observations of the sea surface 
height on all days and weather, it has been extended 
to the multi-applied fields of geoscience instead of 
the initial single purpose of determining sea geoid 
figure (Jiang (2001)). Since 1973, 10 satellites with 
1 1 altimeters have been launched, which are Skylab, 
Geos-3, Seasat, Geosat, ERS-1, ERS-2, 
TOPEX/POSEIDON (T/P), GEO, Jason-1 and 
Envisat. Millions of aitimetric measurements have 
been acquired and provide plenty of information for 
the investigation of global sea level changes, the 
Earth gravity field, submarine topography, ocean 
lithosphere and ocean circulation, see for example 
Wang et al. (2000), Li (2002), Rapp et al. (1994) 
and Rummel et al. (1993). Some universities and 
institutes have released many MSS models using 
these information resources, which include OSU 
MSS95 in 3.75' grids (Yi (1995)), CLS_SHOM98.2 
in 3.75' grids (Hernandez et al. (2000)) , GFZ 
MSS95A in 3' grids and KMS99 MSS in 3.75' grids 
(Knudsen et al. (1998)), etc, and the typical models 
among them are the first three ones. OSU MSS95 is 
a MSS with relatively high precision developed by 
Ohio State University (OSU) using Geosat, ERS-1 
and T/P aitimetric data, and the model is usually 
taken as reference sea surface for aitimetric data 
processing. It is widely used in oceanography and 
geophysics. GFZ MSS95A was developed by 
GeoForschungsZentrum (GFZ), Germany. The last 
version of this model was taken as the reference sea 
surface for the data processing of ERS-1. 
CLS_SHOM98.2 MSS was presented by Collecte 
Localisation Satellites (CLS), France. The model 
used multi-altimeteric data, and its ultimate aim is 
to provide a reference sea surface for the aitimetric 
data of Jason- 1 and Envisat (Hernandez et al. 
(2000)). In china, some researchers also presented 
the local MSS models of China Sea and its adjacent 
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area, see Deng et al. (1996), Li et al. (2001) and 
Wang (1999). The newly trends of developments in 
this field is to combine more altimetric data for the 
determination of mean sea surface with higher 
resolution and higher precision. There are three 
main factors which continuously affect the accuracy 
of MSS. The first is the reliability of geophysical 
corrections and environment models. The second is 
the effects of orbit errors. The third is the 
inconsistency of coordinate datums between 
different altimetry satellites launched on different 
times and for different missions. The efforts should 
continuously be made to overcome the above 
unfavorable factors for further improving the 
precision of the MSS. 

2 The Data and Pre-processing 

The data used in the computation of WHU2000 
MSS is described as follows: 

a. 7 years of T/P data (from 1 1 cycle to 249cycle); 

b. all the ERS-1/168 data including Phase E from 
94.04 to 94.09 and Phase F from 94.10 to 95.03; 

c. 52 cycles of ERS-2/35 data (from Icycle to 
52cycle); 

d. 44 cycles of Geosat/ERM data (from Icycle to 
44cycle). 

The method of data pre-processing is based on data 
user handbooks and advanced experiences, see 
Chen et al. (1995), Deng et al. (1996), Denker et al. 
(1991), Karagano et al. (2000), Wang (2000), Yi 
(1995) and Hwang (1989). The geophysical 
correction models of higher precision are used and 
the data editing criteria are considered. By the 
modified criteria, the raw data of Geosat, ERS-1/2 
and T/P is pre-processed. All the invalid data is 
deleted and the corresponding refined geophysical 
and environmental corrections are adopted. 

3 Data Processing and Determination 
of the Model 

3.1 Time-averaging of SSH 

The repeated ground tracks of altimetric satellites 
do not exactly coincide with each other, and the 
separations of them would be about lor 2km. In 
order to reduce the anomalous temporal changes of 
SSH caused by some significant oceanographic 
phenomena, such as EL Nino or La Nina occurred 
during particular seasons or years, the altimetric 
SSH data of satellites with repeated orbits is time- 
averaged for all available cycles and the mean 
tracks are obtained. 



Mean track is derived from a selected reference 
tracks and the related collinear tracks. After the 
reference tracks are determined, the SSH at each 
point of the collinear tracks corresponding to the 
point of the reference track can be computed. Two 
methods can be used for the computing. One is to 
calculate the correction for geoid gradient (Brenner 
et al. (1990)), and another is to perform collinear 
analysis (Yi (1995)). In this paper, the collinear 
analysis is used to calculate the time-averaging of 
SSH, and the steps are: 

a. Calculate the Mean Sea Surface Height (MSSH) 
of the data points with the same latitude which 
include the data point on a selected reference 
track and the corresponding interpolated data 
points on the collinear tracks; 

b. If the difference between SSH and MSSH is 
larger than 1.0m, the data will be deleted; 

c. Re-compute the new MSSH and generate the 
mean tracks of all altimetric satellites. 

After collinear average, the crossover differences 
before/after averaging are compared and listed in 
Table 1. From Table 1, it shows that the effect of 
the time variation on sea surface has been reduced 
by time-averaging and the precision of the sea 
surface height is improved (better than 10cm). 



Table 1. The differences of Crossovers before/after Time- 
averaging over collinear tracks (Unit: m ) 



Data 

Type 


Mean 


Before 

RMS 


STD 


Mean 


After 

RMS 


STD 


T/P 


0.002 


0.077 


0.077 


0.004 


0.029 


0.029 


ERS-2 


0.049 


0.164 


0.156 


0.030 


0.092 


0.087 


Geosat 

/ERM 


0.058 


0.121 


0.106 


0.015 


0.074 


0.073 



3.2 Reducing Time Variation of SSH in 
Geodetic Missions of Altimetric Satellites 

For the altimetric satellite with repeated missions 
(ERS-1/2 35 > Geosat/ ERM> T/P), the effect of 
time variation of SSH on the MSS can be reduced 
by time-averaging, but the approach can not be 
valid for the tracks of the satellites with Geodetic 
missions (e.g., ERS-1 168 > Geosat/GM) because 
no repeat tracks can be used for such missions. 

In this study, the Sea Level Anomalies (SLA) 
model developed by Center of Space Research 
(CSR), USA is used to correct altimetric data with 
floating orbit missions and the effect of time 
variation on SSH will be significantly removed. 
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This model is derived from T/P data, including 
monthly averaged and annual averaged anomalies. 
The method for corrections is to use the monthly 
sea surface anomaly model corresponding to the 
time of ERS-1/168 mission and to interpolate the 
time variation of SSH at the points of tracks using 
the information on the location and time of 
altimetric data points. 

3.3 Unification of Reference Ellipsoid and 
Transformation of Reference Frames 

The reference frames defined by the coordinates of 
tracking stations and earth ellipsoid parameters used 
in different altimetric satellite missions are not the 
same. For example, the major radius of reference 
ellipsoid for T/P data is 6378136.3m and its 
flattening is 1/298.257 while the major radius for 
ERS-2 and ERS-1/168 data is 6378137m and the 
flattening is 1/298.257223563. Because of the 
inconsistencies in the radius and flattening of the 
reference ellipsoids, the SSH values (from sea 
surface to that of reference ellipsoid) at the same 
point are not identical. Their datums should be 
unified in the combination of all kinds of data for 
determining MSS. In this paper, the reference 
ellipsoid parameters and reference frame of T/P 
altimetric satellite are taken as the unified datum, 
and the MSSHs derived from the other altimetric 
satellites are all reduced to the datum. There are two 
steps: firstly, a transformation formula is used to 
unify the reference ellipsoid parameters (Chen et al. 
(1995)); secondly, a four-parameter model is then 
used to realize the unification of the reference frame. 
The four parameters are Ax, Ay, Az and B, which 
express three shift parameters relative to the origin 
and one overall bias parameter of the transformation 
model respectively (Yi (1995)). More details on the 
model and computation can be found in Jiang (2001) 
and Yi (1995). 

3.4 Crossover Adjustment of Multi- 
altimetric Data 

After time-averaging and datum unification, the 
orbit errors, residual ocean variation and various 
physical corrections are still the main erroneous 
sources in the determination of SSH, therefore, it is 
necessary to perform crossover adjustment to 
reduce the effects of all three kinds of errors 
mentioned above. Crossover adjustment will 
involve solving a linear equation system with rank 
deficiency if no constraints can be applied to the 
system. We have to fix the time-averaged SSHs of 
T/P data as the constraints in solving the system, in 



which the coordinate datum of the other altimeter 
data should be unified with the T/P frame. 

At present, crossover adjustment commonly used 
is a dual satellite crossover adjustment between 
Geosat (or ERS-1, ERS-2) data and T/P data, in 
which precise T/P orbit is used to improve the orbit 
of the former one. A newly method developed by 
this study is a full combined crossover adjustment 
with almost all altimetric satellite tracks containing 
orbit error parameters, in which the error covariance 
is considered to obtain more stable solutions. In 
terms of the method, dual-crossover adjustment is 
improved and the crossover adjustment for multi- 
altimetric data is developed, that is, a combined 
crossover of the tracks of ERS-2, Geosat/ERM and 
ERS-1/168 are adjusted together with T/P tracks. In 
the adjustment, T/P arcs are fixed, and there are 
nine patterns of combination of ascending arcs and 
descending arcs which are: ERS-2~Geosat/ERM, 
ERS-2-ERS-2, ERS-2'^ERS-1/168, ERS-2-^T/P, 
ERS-1 -Geosat/ERM, ERS-1- ERS-1, ERS-l-T/P, 
Geosat/ERM-Geosat/ERM, Geosat/ERM-T/P. In 
addition, a priori models of geoid and sea surface 
topography (EGM96) are introduced into the 
adjustment. 

Smaller crossover differences or better fits can be 
obtained if the fitting of orbit erros in a higher 
degree and a smaller size of adjustment blocks are 
adopted for reducing the residual erros of fitting. To 
select appropriate blocks of crossover adjustment, 
three sizes of block, i.e., 20°x20° (0°<cp<20°, 
160°<;^<180°), 20°x90° (0°<(p<20°, 0°<A.<100°) 
and 20°xl90° (0°<qx20°, 0°<A.<190°) are tested 
and the size of the optimal block is determined by 
comparing the testing results. Table 2 shows the 
Root Mean Square (RMS) of crossover differences 
after performing the adjustment in these blocks. 

From Table.2, it can be seen that the RMS of the 
crossover differences in 20°x20° block is 15% less 
than that in 20°x90° block and 8% less than that in 
20°x90°. To ensure a smaller discrepancy and 
higher computing efficiency, the 20°x90° block is 
adopted in the adjustment. Considering the 
distribution of altimetric data (between ±82° 
latitude) and the lands, the global sea is divided into 
29 blocks including 14 blocks (A1-A14) on the 
Northern Hemisphere and 15 blocks (B1-B15) on 
the Southern Hemisphere. For the detailed division, 
see Fig. 1. 
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Table 2. The RMS of Crossovers of Missions before/after 
adjustment in different blocks (Unit: m ) 



Crossing Pair 


20°x20° 


20°x90° 


20°xl90° 


before 


after 


before 


after 


before 


after 


ERS-2/ 

ERS-2 


0.084 


0.019 


0.065 


0.019 


0.081 


0.025 


ERS-2/ 

Geosat 


0.239 


0.026 


0.183 


0.029 


0.231 


0.033 


ERS-2/ 

ERS-1(168) 


0.262 


0.082 


0.268 


0.089 


0.267 


0.093 


Geosat/ 

Geosat 


0.038 


0.022 


0.077 


0.025 


0.075 


0.034 


Geosat/ 

ERS-1(168) 


0.461 


0.083 


0.394 


0.092 


0.438 


0.092 


ERS-1/ 

ERS-1(168) 


0.195 


0.113 


0.250 


0.122 


0.230 


0.123 


TP/ERS-2 


0.070 


0.020 


0.056 


0.020 


0.066 


0.027 


TP/Geosat 


0.191 


0.024 


0.170 


0.026 


0.204 


0.028 


TP/ERS- 

1(168) 


0.292 


0.088 


0.266 


0.092 


0.273 


0.092 



Combined crossover adjustment is performed in 
29 blocks respectively. The statistic result is shown 
in Table 3, and the RMS values of the crossover 
differences are listed in Table 4. Table 4 shows that 
all the RMS values are better than 4.0cm except the 
ones that correlated with ERS-1/168, which is about 
10.0cm. After the adjustment of crossovers, the 
radial orbit precisions of ERS 1/168, ERS2 and 
Geosat data are obviously improved and the datum 
for all types of data is unified to an unique one. 




Fig. 1 Configuration of Crossover Adjustment Data Blocks 



Table 3. The Statistics of Crossover Points 



Altimetric 

Data 


T/P 


ERS-2 


Geosat/ 

ERM 


ERS-1/ 

168 


T/P 


/ 


42862 


20402 


349477 


ERS-2 




44845 


69240 


740610 


Geosat/ERM 






16083 


572796 


ERS-1/168 








3309622 


Total 


5165937 









Table 4. The RMS of crossovers dicrepencies between Missions 
before/after adjustment (Unit: m ) 





Before 


Adjustment 






Altimetric Data 


T/P 


ERS-2 


Geosat/ 

ERM 


ERS-1/ 

168 


T/P 


0.0290 


0.070 


0.144 


0.236 


ERS-2 




0.090 


0.162 


0.253 


Geosat/ERM 






0.071 


0.319 


ERS-1/168 








0.246 


After Adjustment 


T/P 


0.0290 


0.022 


0.034 


0.092 


ERS-2 




0.024 


0.036 


0.093 


Geosat/ERM 






0.029 


0.096 


ERS-1/168 








0.114 



3.5 Gridding Methods 

After adjustment, the total data points of T/P, ERS- 
2, Geosat and ERS-1/168 tracks are 16378963. 
Shepard Method for fitting interpolation of gridding 
is used to generate grid data, and the resolution is 
2'x2'. In computation, the local fitting radius is 2 
times larger than grid interval. At least 2 points are 
needed in each quadrant of fitting area. If this 
condition is not satisfied, the searching radius is 
extended to 8', or even larger. 

Because different altimetric data has different 
precisions, the precision of the data should be 
considered in the gridding procedure of discrete 
points. The precision of SSH can be derived by 
dividing the RMS of crossover differences after 
crossover adjustment byV2 . From the Table 4, we 
can see that the precision of ERS-1/168 MSS is 
around 8 cm while those of T/P, ERS-2 and 
Geosat/ERM are about 2cm. Therefore, the weight 
of the data used for gridding can be determined by 
the corresponding RMS value. 

The 2'x2' global mean sea surface WHU2000 
generated using the above method is shown in Fig. 
2. With a view of the precision of sea surface height 
after adjustment and the gridding errors, the 
precision of WHU2000 MSS model should be 
better than 5cm. 
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Fig. 2 The map of WHU2000 MSS at a 2'x2' grid (Oceanwide 
±82° Latitude) 



4 Results and Analysis 

As an external check, WHU2000 MSS is compared 
with CLS_SHOM98.2, GFZ MSS95A and OSU 
MSS95 respectively. The gridded values of 
WHU2000 MSS are compared with of those the 
first two models. Because the gridded values of 
OSU MSS95 model are not available, the 
interpolated values given in the raw data of Geosat, 
ERS-2 and T/P are used for comparison. The results 
are listed in Table 5 and Table 6. 

Table 5. Statistics of the differences between four MSS gird 
models in the area of 82N-82 S 



(All Height differences are included.) 





Mean 

(m) 


RMS 

(m) 


STD 

(m) 


POINTS 


WHU2000 MSS - 
CLS_SHOM98. 2 


0.041 


0.175 


0.169 


9190755 


WHU2000 MSS - 
GFZMSS95A 


0.367 


0.437 


0.237 


14153429 


WHU2000 MSS - 
OSU MSS95 


0.071 


0.112 


0.087 


2754722 


CLS_SHOM98. 2 - 
OSU MSS95 


0.000 


0.102 


0.102 


9603934 


GFZ MSS95A - 
OSU MSS95 


0.277 


0.240 


0.138 


No 

Statistics 



Table 5 shows the compared results of all points. 
In Table 6, the points with the difference 3 times 
larger than the RMS (0.5m for CLS_SHOM98.2 
MSS and OSU MSS95 while 1.2m for GFZ 
MSS95A) are removed (Hernandez et al. (2000)). In 
Table 5 and Table 6, the results of comparison of 
CLS_SHOM98.2 MSS, GFZ MSS95A with OSU 
MSS95 respectively are provided by Dr. F. 
Hernandez and Dr. R. Matthias. 

Table 6 shows that the corresponding STDs of 
the compared differences of WHU2000 MSS with 
the CLS_SHOM98.2 MSS and OSU MSS95 MSS 
are 0.090m and 0.079m respectively, and that 



compared with GFZ MSS95A is 0.21 Im. GFZ MSS 
95A has a large difference compared with the other 
three models, and te reason would be that its 
reference datum uses different gravity model. GFZ 
MSS95A uses the reference datum of ERS-1, and 
the gravity model used for its orbit determination is 
PGM035. However, the reference datum of other 
three models is T/P and the gravity model used for 
their orbit determination is JGM-2. The results 
indicate that the precision of WHU2000 MSS is in 
the same level with CLS_SHOM98.2 and OSU 
MSS95 but its resolution is higher. 

Table 6. Statistics of the differences between four MSS gird 
models in the areas of 82N~82S 



(The Height differences larger than 0.5m are excluded.) 





Mean 

(m) 


RMS 

(m) 


STD 

(m) 


POINTS 


WHU2000 MSS - 
CLS_SHOM98. 2 


0.042 


0.099 


0.090 


9005065 


WHU2000 MSS - 
GFZMSS95A 


-0.361 


0.418 


0.211 


14056477 


WHU2000 MSS - 
OSU MSS95 


-0.071 


0.106 


0.079 


2752025 


CLS_SHOM98.2- 
OSU MSS95 


0.005 


0.078 


0.078 


8750055 



5 Conclusions 

In this paper, a global MSS model WHU2000 MSS 
is derived by use of multi-satellite altimetric data. 
The model has a 2'x2' grid resolution, and its 
precision is better than 0.05m. In data processing, 
the coordinate datums of various altimetric data are 
unified to an unique one. A method of full- 
combined crossover adjustment for different 
altimetric tracks is used to improve the radial orbits 
of Geosat, ERS-1 and ERS-2 data. For an external 
Check, WHU2000 MSS is compared with CLS- 
SHOM98.2 MSS, GFZ MSS95A and OSU MSS95, 
and the corresponding STD of the comparing 
differences are ±0.079m respectively. The overall 
precision of WHU2000 MSS is in the same level 
with CLS-SHOM98.2 and OSU MSS95 but its 
resolution is higher than those of the compared 
models. In order to further improve the MSS model, 
the new data sources, such as Jason- 1 and Envisat 
data, and new geoid model, e.g. obtained from 
GOCE mission should be used for the determination 
of MSS. 
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Abstract. Recently, the marine mean gravity 
anomaly dataset are available to us on a 2 arc minute 
grid obtained from satellite altimeter data. To 
formulate gravity field model based on this dataset, 
in this work we refer to use the method named 
Pseudo-Harmonic Regional Analysis (PHRA) 
instead of the conventional Spherical Harmonic 
Analysis (SHA) due to its high resolution for 
describing the regional gravity field. The result show 
that even if taking factor fgc=5 in PHRA, a model to 
degree 1080 will be enough to represent mean 
gravity anomaly dataset with the accuracy ±2.4 
mGal on 2 arc minute grid, the RMS of the 
differences between the PHRA model and the geoid 
undulations altimeter derived are ±0.095m. The 
PHRA model offers significant improvements 
compared with any existing models with the same 
degree and order. 

Keywords. Tailored model, Pseudo-Harmonic 
Regional Analysis, Altimetry, Gravity anomaly 



1 Introduction 

The spherical harmonic expansion is a powerful 
method to describe local and global gravity field in 
the frequency domain. In principle, the resolution 
and precision of gravity field expressed by the 
spherical harmonic model are proportional to the 
degree and order of model expressed, for example, to 
degree 5400 that has a resolution about 3.6 km on the 
equator. For this reason a higher degree geopotential 
model is of the advantage for us. From the 
geopotential model we can easily calculate any 
gravity field quantity, such as geoid undulations, 
gravity anomalies, vertical deflections, disturbance 
gravity anomalies and gravity gradients etc. on 
variant spatial resolutions. 

Only the long wavelength parts of the gravity 
field can be determined from satellite to satellite 
tracking. Combining the long wavelength parts with 
terrestrial gravity and altimeter data, which reveal 
the short wavelength character, produced a 
complete geopotential model. During the past ten 



years, a number of the high resolution and accurate 
global geopotential models have been developed to 
degree and order 360, for example OSU91A1F 
(Rapp and Pavlis 1990). To the best of author’s 
knowledge N.K.Pavlis had developed a higher 
resolution global geopotential model to degree and 
order 500. In particular, the currently most accurate 
high resolution global geopotential model EGM96 
(Lemoine et al. 1998) has been computed by a 
collaboration of NASA, US National Imagery and 
Mapping Agency (NIMA) and Ohio State 
University (OSU). It seems more difficult to 
compute a global higher degree geopotential model 
such as to above 1800 degrees. The main limitations 
are lack of homogeneous data in space, time and 
precision within global area. However, it is possible 
to develop a higher degree regional geopotential 
model in terms of tailored method on regional area 
(Wenzel 1998). 

Presently global marine gravity anomalies with 
the high accuracy and high spatial resolution, such as 
2 arc minutes, have been derived from satellite 
altimeter (SA). It is possible to develop ultra high 
degree regional geopotential models on the sea area. 
To compute a regional geopotential model with a 2 
arc-minutes spatial resolution, it should be 
developed to 5400 degree and order by means of 
spherical harmonics expansions (tailored method). 
Generally, it would be difficult to compute such 
geopotential models by double accuracy computer 
and high-powered computing facilities should be 
necessary in order to perform the intensive 
computations with the huge amount and variety of 
data involved and to improve the numerical stability 
of super-high degree harmonics. To cope with this 
situation, Belikov et al. (1993) was introduced the 
Pseudo Harmonic Regional Analysis (PHRA) 
method. The PHRA leads to increase of the 
resolution of the regional geopotential model. On the 
basis of the PHRA principle, using a scale factor as 
fsc=5 and expanding to 1080 degree and order it 
corresponds to the spherical harmonics expansions 
to 5400 degree and order i.e. with a 2 arc-minute 
spatial resolution. As an example we compute the 
PHRA model named SCS-P to 1080 degree and 
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order by means of the PHRA method with a factor as 
fsc=5 using Sandwell’s version 9.2 grid of marine 
gravity anomalies at 2 arc-minute resolution 
recovered from altimeter data (Sandwell 1997) over 
the South China Sea (105-122°E, 0-25°N). 

2 Method of PHRA Model Computation 

In order to compute the PHRA model, a tailored 
model will be calculated using the tailored method 
refer to a global geopotential model firstly (Weber 
1988. Hsu et al. 1995). Then the PHRA model could 
be computed basis on the tailored model. 

2.1. Tailored Model 

The disturbing potential T is represented by a finite 
number of trial harmonic functions Lnm (Rapp and 
Pavlis 1990). 



iPn\ni= f PnM(C0^S)smSdS 

IC j = J cos AdA , IS j = J sinAdA 

Where is related to the associated Legendre 
function of the second kind (Gleason 1988), is 
smoothing factor, s is the greatest integer less than 

or equal to ^(^-|m|), and T is the total amount 

blocks in local area. 

We have the tailored model as follows, 

C = C + AC „„ w„ for n,m=2-360 

forn,m=361-1080 (5) 



T 



GM N n 
z z 

R n=2m=—n 






The weight function Wn was selected as follows 
(Basic 1989), 



The residual disturbing potential are represented as 
follows 



AT = 



GM N n - , . 

K n=2m=-n 



( 2 ) 



Where 

L 2m = 

n,( ) r 

2m+l 

(3) 

and are corrections with respect to 

harmonic coefficients of the reference global 
geopotential model (e.g. EGM96, Lemoine 1998) 
that are caused by regional residual gravity 

field SAg . The AC^^ can be represented as follows 
(Hsu et al. 1995), 



Jcos mA 
[sin mA 



Ac„,„(SAg) = 



1 I Anmk ^ 

4a7rrt=l ' k=0 



^Pn-2k,\m\ \IC, if m>0 

[JSt if m<0 

(4) 



lY =i 



Nma. < n 



where N^^is the lowest degree that should be 
kept in initial model and is the starting 

degree that should be fully corrected. 

2.2 Pseudo-Harmonic Regional Analysis 
(PHRA) Model 

In the Pseudo Harmonic Regional Analysis (or 
locally harmonic) trial functions associated with 
solid spherical harmonics (3) were introduced as 
follows (Belikov et al. 1993), 



L 

n,( 



2m 

2m+l^ 



ih, (j,. A) = (— P„„ (sin ^ )• 
R + 



COS m2] 

sin m2] 



(7) 



Where is the ‘scaling’ factor, characterizing the 
spatial enlargement of the regional domain under 
consideration in accordance with isomorphism. 



A - ^0 + /sc “ ^0 )’ -^1 - -^0 + /sc “ -^0 ) 

hi = fsch 

The equation (2) and (4) would be rewrite as 
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( 8 ) 



.^PHRA 



(SAg) = 



1 



4a7iy 1=1 



Kmk jh,<h^^l) 
^=0 V2,J^|(|) 



^^n-2k,\m\ 




if m > 0 

if m < 0 

(9) 



The scaling procedure leads to the increase of the 
resolution of AT , roughly equal to its 
half-wavelength, from the value 180/Nmax to 
180/(fscNmax), with the factor fsc not greater than 
;r/Amax’ ^max ^oans the maximum linear size 
of the regional domain (Belikov, 1993). The 
coefficients of the PHRA with weight power 
function will be presented by 



^PHRA 

^ nm 






for n,m=2- 1080 



( 10 ) 



— PffRA 

Where AC^^ are the computed coefficients by 

the PHRA, and mean regional residual 

gravity anomalies as well as short- wavelength parts. 
Both caused by the tailored model. We have PHRA 
model SCS-P to degree and order 1080 as follows. 




Fig.l The Flow Chart Computing the PHRA Model SCS-P to 
Degree and Order 1080 



3.2 Computing the PHRA Model SCS-P 

The flow chart computing the PHRA model SCS-P 
shows as in Fig.l. Firstly, we made a lO’xlO’ grid 
of marine gravity anomaly from the Sandwell 
version 9.2 at a 2 arc-minute resolution to compute 
the tailored model SCS-T to 1080 degree and order 
based on the global geopotential model EGM96. 
Then, the PHRA model SCS-P was computed based 
on the tailored model SCS-T using 2’ x2’ grid 
marine gravity anomaly (ibid) to 1080 degree and 
order with a factor of fsc=5. As mentioned above, 
the PHRA model SCS-P corresponds to spherical 
harmonic expansions to 5400 degree and order i.e. 
with a 2 arc-minute spatial resolution. 



^ SCS-P _ ^ tailo . ^ PHRA H 1 ^ 

Choosing fgc as 5, then spatial resolution will be 
180/(fscNmax) = 2’, while Nmax Were 1080. 

3. Computed Results and Comparisons 

3.1 The Data Used 

We choose a research area over the South China Sea 
and its vicinity (105-122°E, 0-25°N) to compute the 
model namely SCS-P to 1080 degree and order by 
means of the PHRA method. The initial marine 
gravity anomaly data come from SandwelTs version 

9.2 (Sandwell and Smith 1997). The SandwelTs 
version 9.2 of marine gravity anomalies is the 

most recent one in his series using GEOS AT, ERS-1 
and Topex/Poseidon data. The SandwelTs version 
9.2 is available at 1 or 2 arc-minute resolutions 
from the http://topex.ucsd.edu/marine_grav/ 
mar_grav.html. Only a 2 arc-minute grid is used in 
this work. 



3.3 Comparing the Results 

The geopotential models obtained have been 
compared with initial altimeter-derived marine 
gravity anomalies and geoid undulations, given by 
D.T.Sandwell in the research area. The SandwelTs 
geoid was only as a reference for model comparison. 
Table 1 shows the differences between the initial 
gravity anomalies recovered from SA (ibid) and 
those computed from models (in mGal). The gravity 
anomalies computed from the PHRA model SCS-P 
to degree and order 1080 achieve a root mean 
square error (RMS) of ±2.4 mGal with a spatial 
resolution about 2’, while the tailored model SCS-T 
to degree and order 1080 achieve a RMS of ±5.4 
mGal with a spatial resolution about 10’. The 
reference model EGM96 has a RMS of ± 15.5 
mGal with a spatial resolution about 30’. The global 
model GPM98C (Wenzel 1998) has a RMS of 
± 9.9 mGal truncated to 1080 degrees with a spatial 
resolution about 10’. The differences between 
PHRA model SCS-P and initial gravity anomalies 
are distinctly small comparing with the tailored 
model SCS-T and reference model EGM96. That 
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means, the PHRA model SCS-P offers significant 
improvements on accuracy when compared with 
other models. 

Table 1. Differences (in mGals) between Initial Gravity Data and 



those Computed from Models. 



Model 


RMS 


Min 


Max. 


Degree 


Resolution 


EGM96 


15.5 


-132.0 


135.6 


360 


30’ 


GPM98C 


9.9 


-82.9 


104.8 


1080 


10’ 


SCS_T 


5.4 


-39.5 


43.5 


1080 


10’ 


SCS_P 


2.4 


-17.5 


19.2 


1080 


2’ 



Table 2. Comparisons of the Geoid Undulation Computed by 



D.T.Sandwell and Computed from Models (in Meter) 



Model 


RMS 


Min 


Max. 


Degree 


Resolution 


EGM96 


0.241 


-1.703 


1.804 


360 


30’ 


GPM98C 


0.181 


-1.416 


2.103 


1080 


10’ 


SCS_T 


0.093 


-0.846 


1.258 


1080 


10’ 


SCS_P 


0.095 


-0.665 


1.037 


1080 


2’ 




Fig.2a Gravity Fig.2b Gravity Anomalies 

Anomalies Computed Computed from Tailored 

from EGM96 Model to Model SCS-T to Degree 

Degree 360 1080 




Fig.2c Gravity Fig.2d Initial Gravity 

Anomalies Computed Anomalies on a 2’x2’ Grid 

from PHRA Model Derived from SA 
SCS-P to Degree 1080 (Sandwell 1997) 



Fig.2a-d show shaded relief map of gravity 
anomaly from models and SA data, respectively. 
The Fig.2a shows roughly gravity field on the 
research area with a spatial resolution about 30’. 
The Fig.2b is better than the Fig.2a, and inferior to 
the Fig.2c. The Fig.2c, computed from PHRA 
model SCS-P with a spatial resolution about 2’, 
shows a fine gravity field that distinctly similar to 
the Fig.2d, altimeter-derived initial marine gravity 
anomalies on 2’x2’ grid (Sandwell, 1997). The 
PHRA model SCS-P offers significant 
improvements on resolution when compared with 
tailored models and reference global model. 

Table 2 shows the comparisons of geoid 
undulation computed by D.T.Sandwell and those 
computed from models (in meter). The geoid 
undulation computed from the PHRA model SCS-P 
achieve a RMS of the differences of ±0.095 m 
with a spatial resolution about 2’, the tailored model 
SCS-T achieve a RMS of ± 0.093 m with a spatial 
resolution about 10’, while the original model 
EGM96 has a RMS of ±0.241 m with a spatial 
resolution about 30’. The global model GPM98C 
(Wenzel 1998) has a RMS of ± 0.181m truncated 
to 1080 degrees with a spatial resolution about 10’. 
The RMS of PHRA model SCS-P is the same as 
that of tailored model, however, the differences 
between PHRA model SCS-P and reference geoid 
are small than the tailored model SCS-T and model 
EGM96. The PHRA model SCS-P provides a higher 
spatial resolution than the tailored model SCS-T 
and reference model EGM96. 

4 Conclusions 

Global marine gravity anomalies with the high 
accuracy and spatial resolution have been derived 
from satellite altimetry. To develop ultra high 
degree regional geopotential model on the sea area 
is possible. However it would be difficult by 
spherical harmonics expansions, and is necessary to 
employ new modeling methods. As a new modeling 
method, the PHRA method (Pseudo -Harmonic 
Regional Analysis) can improve the accuracy and 
spatial resolution of the regional geopotential model. 
Moreover computer time is reduced distinctly. 
Based on the PHRA method, we computed the 
PHRA model SCS-P to degree and order 1080 with 
a spatial resolution about 2 arc-minutes in the 
research area over the South China Sea and its 
vicinity (105-122° E, 0-25° N). The result show that 
taking the factor fgc=5 in PHRA, the model to 
degree 1080 will be enough to represent mean 
gravity anomaly dataset with the accuracy +2.4 
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mGal on 2 arc minutes grid, otherwise it needs the 
expansion to degree 5400 by SHA expansion. 

Experimentally, the PHRA model SCS-P can fit the 
regional gravity field well and have a higher spatial 
resolution than other models. 
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Abstract. Observations of sea level can only be 
interpreted correctly if land motion in particular in 
terms of vertical deformation of coastal areas is 
taken into account. In the last decades space geo- 
detic techniques such as VLBI (Very Long Baseline 
Interferometry), SLR (Satellite Laser Ranging), the 
GPS (Global Positioning System), and Doris (Dop- 
pler Orbitography and Radio positioning Integrated 
by Satellite) have proved to be very powerful for 
determining displacements of points on the solid 
Earth. These can be modeled by using various geo- 
dynamical parameters, e.g. the Love and Shida 
numbers in the model of the solid Earth tides and 
site-dependent amplitudes and phases of the ocean 
loading models. Today, the small deformations 
associated with the response of the Earth to atmos- 
pheric and hydrological loading are of growing 
interest. These effects cause site-dependent vertical 
displacements with ranges up to ±30mm due to 
atmospheric pressure variations and due to mass 
redistribution in surface fluid envelopes, in particu- 
lar in continental water reservoirs (soil moisture, 
snow, and groundwater). Several new global and 
regional models of soil moisture and snow depths 
are now available and can be validated by space 
geodetic techniques. This paper is intended to give a 
short overview about state-of-the-art of modeling 
loading effects. A short introduction to the Special 
Bureau for Loading within the Global Geophysical 
Fluid Center (GGFC) of the lERS will be given, too. 
Finally, it will be shown how the effects influence 
the results of high precision space geodetic meas- 
urements. The paper mainly concentrates on vertical 
crustal motions on seasonal and interannual time 
scales observed by VLBI and describes also some 
results obtained from Doris. 

Keywords.VLBI, atmospheric loading, hydrological 



loading, lERS 



1 Introduction 

The temporal redistribution of oceanic, atmospheric, 
and hydrological masses perpetually loads and de- 
forms the Earth’s crust. Surface displacements, due 
to atmospheric mass circulation, are dominated by 
the effects of synoptic scale systems (1000-2000 km 
wavelength) having periods of approximately two 
weeks. Peak-to-peak vertical displacements of 10 to 
20mm are common at mid-latitudes (Rabbel and 
Zschau, 1985; van Dam and Wahr, 1987; Manabe et 
al., 1991). The effects are larger at higher latitudes 
due to the larger amplitude pressure systems found 
there. 

While surface displacements are largest for at- 
mospheric pressure variations with periods of ap- 
proximately two weeks, annual signals are also 
significant having amplitudes between 0.5 and 3mm. 
At annual periods, variations in continental water 
storage also become important. 

Tidal and non-tidal motions of oceanic mass also 
contribute to the deformation spectrum at points on 
the Earth’s surface. Variations in bottom pressure 
driven by uncompensated changes in sea surface 
height can induce vertical deformations at coastal 
sites of up to 12mm with periods of approximately 
one month. 

For all of these loading signals, the vertical defor- 
mations are larger than the horizontal ones by factor 
3 to 10. Given the amplitude of the loading induced 
vertical crustal motion, it is necessary to evaluate 
the effects of loading on when interpreting geodetic 
data. Loading effects caused by the redistribution of 
surface masses have been observed in high-precision 
geodetic data for some time now (see for example. 
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van Dam and Herring, 1994; van Dam et al., 1994; 
MacMillan and Gipson, 1994; Sun et al., 1995; Haas 
et al., 1997; Schemeck, 2000; and van Dam et al., 
2001). As these data are more and more being inter- 
preted in terms of geodynamic processes (plate 
tectonics, post-glacial rebound, sea level rise, etc.) it 
is becoming necessary to remove loading effects 
from the geodetic data. Currently, however, there is 
no clear consensus on how this should be done. In 
this paper, we compare various atmospheric and 
hydrological loading models with VLBI measure- 
ments. We compare these results with results from 
Doris. 

2 Modeling Loading Effects of the 
Earth’s Crust 

The main elements required in the computation of 
loading predictions include (1) an Earth model, 
which determines the geometry, with specific me- 
chanical properties and if necessary, the rheology, 
and (2) a mathematical model for the surface load 
including the boundary conditions at the Earth’s 
surface and the extension of the load. Selected parts 
of continuum mechanics can then be used to solve 
the boundary value problem to obtain the system’s 
response to a unit load. For the problem of Earth 
deformation, the system’s response is best described 
by Load Love Numbers (LLN’s) which can be used 
to compute the Green’s functions of the boundary 
problem. 

For the actual computation of loading effects, sur- 
face load data are required for all relevant loads. 
These loads are then convolved with the Earth's 
response (either in the space or the wave number 
domain) to determine the loading effects (e.g. sur- 
face displacements, gravity variations, and geocen- 
ter displacements). Loading responses to non-tidal 
surface loads are normally computed in one of three 
ways: 

(1) Point loading approach in which a gridded sur- 
face mass is convolved with Green’s functions to 
determine the load response; 

(2) Spherical harmonics approach in which the 
LLN’s are used directly to carry out the convolution 
with a given surface load in the wave number do- 
main. This approach requires the surface loads to be 
given as a spherical harmonic expansion. 

(3) Using a local regression coefficient determined 
by fitting local changes in pressure to the vertical 
component of observed deformation. 

We refer to the point loading approach and the 
spherical harmonic approach as ‘geophysical ap- 
proaches’ as they are both based on geophysical 



models. We refer to the local regression coefficient 
approach as an ‘empirical approach’. 

The approach chosen for calculating loading de- 
formation is usually determined by the proposed 
application. For example, if global loading correc- 
tions were desired for several years of high resolu- 
tion loading data, the spherical harmonics approach 
would be desired because of its computational speed. 
However a potential problem arises when this ap- 
proach is used for computing the effects of atmos- 
pheric pressure loading on an Earth model that in- 
cludes an ocean. For simplicity an inverted barome- 
ter ocean model is usually applied. In an inverted 
barometer ocean, the pressure over the oceans is 
essentially zero. In this case, there is a discontinuity 
in the atmospheric pressure anomaly at all continen- 
tal/ocean boundaries as the pressure goes from am- 
bient over the continents to near zero over the 
oceans. This discontinuity is problematic when one 
trys to generate a spherical harmonics representation 
of the pressure. Large errors in the pressure field are 
introduced at coastal sites. Differences between the 
vertical displacement calculated using the point 
loading and spherical harmonics approach for an 
inverted barometer ocean can reach 1 1mm. 

In the point loading approach, the deformation at 
a point is determined by convolving a gridded repre- 
sentation of a global load of dimensions N x M with 
elastic Green’s function of dimensions N x M and is 
thus computationally intensive. 

The geophysical model approach (point loading 
or spherical harmonics) for computing loading ef- 
fects is based on a physical understanding of the 
way the pressure interacts with an elastic Earth 
model. The major advantage of the geophysical 
model approach is that loading effects can be com- 
puted in a standardized way for any point on the 
Earth’s surface more or less instantaneously. The 
geophysical model approach currently suffers from a 
number of problems including the requirement of a 
global pressure data set, a minimum of 24 hours in 
time delay in the availability of the global pressure 
data set, limitations of the pressure data itself (low 
temporal and spatial resolution), uncertainties in the 
Green’s functions, and uncertainties in the ocean 
response model. 

In the empirical approach, site-dependent pressure 
loading effects are empirically computed by deter- 
mining the fit of local pressure variations to the 
geodetic observation of the vertical crustal motion. 
In this case, the loading correction can be applied in 
quasi real-time and short-time site displacements 
due to rapidly changing pressure can be modeled. 
However, with this approach one is uncertain 
whether other pressure correlated signals in the 
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geodetic observations are not being fit in the re- 
gression coefficient determination. 

A two-coefficients-approach has also been pro- 
posed (Rabbel and Zschau, 1985) which uses local 
barometric pressure p(t) and pressure variations in a 
surrounding area p 2 oookm: 

AU = -0.55(p2000km(t) - PRef) “ 0.35(p(t) - pRef) (1) 

A simple model using local barometric pressure 
p(t) and atmospheric loading coefficients a for each 
station was proposed by Manabe et al. (1991): 

AU = a-(p(t)-pRef) (2) 

with 

pj^gf = reference pressure, e.g. mean of several years. 
The empirical approach is likely to produce better 
results than the geophysical approach for a given 
site but like the geophysical approach, has a number 
of drawbacks as well. 

- Geodetic observations have to be available for a 
certain period of time before a reliable regression 
coefficient can be determined; this period of time 
may be as large as several years. 

- The regression coefficients cannot be extrapolated 
to a new site (for which no data exist); 

- The regression coefficient has been observed to 
change with time and with observing technique; 

- The regression coefficient can only be used for 
vertical crustal motions; 

- It is uncertain that other pressure correlated geo- 
detic signals are not being ‘absorbed’ into the re- 
gression coefficient determination. So while this 
approach would lower the scatter on a given geo- 
detic time series the most, one would always be 
uncertain whether only atmospheric loading ef- 
fects were being removed with the correlation co- 
efficient. 

3 Models Used for Loading Computa- 
tions 

In this section, we discuss the various loading fields 
and look in detail at the computed loading effects in 
the vertical. 

3.1 Atmospheric Loading 



Since 1985 several studies on atmospheric loading 
have been carried out, e.g. by Rabbel and Zschau 
(1985), Rabbel and Schuh (1986), van Dam and 
Wahr (1987), Manabe et al. (1991), van Dam and 
Herring (1994), MacMillan and Gipson (1994), van 
Dam et al. (1994), Sun et al. (1995), Haas et al. 
(1997), Schemeck (2000). 

Three basic methods for computing atmospheric 
loading corrections to geodetic data have been ap- 
plied in the various references given above: 

(1) using 

(2) geophysical models or simple approximations 
derived from these models (following schemes 1 or 
2 described in section 2); 

(3) using empirical models based on site-dependent 
data (following scheme 3 described in section 2); 

(4) a hybrid method combining the two previous 
methods. 
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Fig. 1 Vertical displacements due to atmospheric loading at 
Algonquin Park 

In a hybrid method (3.), regression coefficients 
determined from a geophysical model instead of 
geodetic observations could be used to operationally 
correct observed vertical position determination 
from local air pressure alone. The vertical deforma- 
tion caused by the change in pressure, in this case, 
can then be given in terms of a local pressure anom- 
aly. The regression coefficients can be determined 
by fitting local pressure to the vertical deformation 
predicted by the geophysical model. Regression 
coefficients determined in the manner would still 
suffer from both the uncertainty in the Green’s func- 
tions and the quality of the air pressure data. 
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The data used for the atmospheric loading compu- 
tations by van Dam and Cretaux were taken from 
the National Center for Environmental Prediction 
(NCEP) reanalysis data set. This global data set is 
provided on a 2.5°x2.5° global grid at 6 hour periods. 
Schemeck used the data provided by the European 
Centre for Medium-Range Weather Forecasts 
(ECMWF).The vertical displacements of VLBI 
station Algonquin Park located in eastern Canada as 
modelled by the various authors for an inverted 
barometer ocean model are plotted in Fig. 1. 

At this site, we observe that peak-to-peak surface 
motions of 20mm are common. As hardly can be 
seen in the black/white figure the differences be- 
tween van Dam’s and Schemeck’ s results are at 
±3mm. Cretaux determined the annual variations 
only for which he obtained a rather small amplitude. 
Displacements for the same period would be smaller 
for low altitude sites due to the smaller pressure 
variations found in the low to equatorial latitudes. 
Algonquin Park is located approximately 500km 
inland from the Atlantic ocean and is thus classified 
as a continental site (see Fig. 2). Coastal sites at the 
same latitude would experience smaller atmospheric 
loading displacements due to the inverted barometer 
effect. 

3.2 Hydrological Loading 

At annual periods, variations in continental water 
storage are significant. The modeled vertical dis- 
placements have root-mean-square values as large as 
8mm, with ranges of up to 30mm. 

3.2.1 Soil Moisture 



Several new global models exist for soil moisture 
that were used for our study. These include 

- Huang et al. (1996) which provide monthly results 
for 1979-1993; 

- Global Soil Wetness Project (GSWP), (Douville et 
al., 1999); 

- Milly et al. (2002) which provide groundwater, 
soil moisture and snow for the period 1978-1998. 
These models solve for a water balance equation 

of the form dw/dt = P-E-R (where w is soil water, t 
is time, P is precipitation, E is evapotranspiration, 
and R is runoff). In this approach, the forcing terms 
(precipitation, and atmosphere and landmass energy 
fluxes) are derived from observations. The GSWP 
and Milly models provide also snow depth variabil- 
ity. All models provide l°xl° gridded data of soil 
water in the upper layer of the ground (usually the 
top 2 meters) that we have interpolated to the posi- 
tion of the ground stations where geodetic instru- 
ments are installed. 
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Fig. 3 Vertical displacements due to soil moisture at Algonquin 
Park 
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The annual displacements of Algonquin Park 
from each of these models are shown in Fig.3 cover- 
ing a total range of 3mm. There is about a 2mm 
peak-to-peak difference in the annual component 
determined using the Huang model versus the Milly 
model. Current geodetic techniques can determine 
annual crustal motions to at least this accuracy, 
indicating that we may be able to use these tech- 
niques to refine the long-wavelength models of soil 
moisture variability. 

3.2.2 Snow Cover 

We compared vertical crustal motions predicted 
from the following models of snow cover: 

- International Satellite Land Surface Climatology 
Project (ISLSCP, Meeson et al., 1995); 

- Global Soil Wetness Project (GSWP, Douville et 
al., 1999); 

- Milly et al. (2002). 




Fig. 4 Vertical displacements due to snow cover at 
Algonquin Park 

The displacements were again modeled in terms of 
annual variations (see Fig. 4) with a total range of 
6mm. There is about a 2mm peak-to-peak difference 
in the annual component determined using the 
GSWP model versus the Milly model. Again, cur- 
rent geodetic techniques should be able to resolve 
this signal to such an extent that we might be able to 
improve the long-wavelength models of snow cover. 

3.3 Oceanic Loading 

Tidal and non-tidal motions of oceanic mass also 
contribute to the deformation spectrum at points on 
the Earth's surface. Variations in bottom pressure 
driven by uncompensated changes in sea surface 
height can induce vertical deformations at coastal 



sites of up to 20mm with periods of approximately 
one month (van Dam et al., 1997). 

3.3.1 Ocean Tide Loading 

The calculation of ocean tidal loading effects is 
analogous to methods described in section 2 as the 
geophysical model approach. Computation of ocean 
tidal loading requires two ingredients, namely ocean 
tidal models describing the load and Earth models, 
on which the load acts. For ocean tide loading the 
parameters provided by Schemeck et al. (2000), 
from his Web-based ocean loading service 
(http://www.oso.chalmers.se/~loading) were used. 
The Green’s functions are from Farrell (1972) and 
the Gutenberg-Bullen A Earth model was used; 11 
tides were considered. It should be mentioned that 
the coastline is treated very well by Schemeck. 

3.3.2 Non-Tidal Oceanic Loading 

For non-tidal oceanic loading data were taken from 
TOPEX/Poseidon (T/P) and from the Parallel Ocean 
Climate Model (POCM, Johnson et al., 1999). From 
Fig. 5 it can be seen that the agreement between the 
two models is rather poor but fortunately the effect 
itself is very small. 
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Fig. 5 Vertical displacements due to non-tidal oceanic loading at 
Algonquin Park 



4 The Special Bureau for Loading within 
the Global Geophysical Fluid Center 
(GGFC) of thelERS 

On 1 January 1998, the International Earth Rotation 
Service lERS established the Global Geophysical 
Fluids Center (GGFC) in an effort to expand the 
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lERS services to the scientific community. Under 
the GGFC, seven Special Bureaus (SB) were estab- 
lished (see http://bowie.gsfc.nasa.gov/ggfc/). Each 
of these is responsible for research activities relating 
to a specific Earth component or aspect of the geo- 
physical fluids of the Earth system. However, until 
recently, there was no specific focus on the interac- 
tion of the different components through gravita- 
tional and surface forces on the boundaries. In par- 
ticular, consistent models of the deformation of the 
solid Earth due to loading of the atmosphere, ocean 
and terrestrial hydrosphere are presently not avail- 
able. This fact is reflected in the lERS Conventions 
2000 (2003), where standard models for solid Earth 
tides and ocean loading are discussed while no stan- 
dard procedure is recommended for the case of other 
surface loading effects. 

In order to foster the development of consistent 
models for predicting loading effects, the lERS on 
31 October 2001 issued a Call for Proposals for a 
Special Bureau for Loading (SBL). In this call it was 
stated that the lERS Conventions currently do not 
give comprehensive recommendations for treating 
the loading signals due to the full range of possible 
effects and that it therefore was timely to set up the 
tools that provide a basis for a future conventional 
treatment of loading effects in all lERS analyses. 
Furthermore, it was pointed out that meeting future 
requirements calls for considerable theoretical work, 
algorithm development, model compilations and 
studies of relevant observations. 

Eventually, the SBL is expected to provide in 
near real-time a consistent global solution data set 
describing at least the surface deformation, gravity 
signal and geocentre variations due to the various 
surface loading processes, in reference frames rele- 
vant for direct comparison with existing geodetic 
observing techniques. 

On 1 February 2002, the SBL (see 
http://www.gdiv.statkart.no/sbl/) was formally es- 
tablished with a team of ten members. Their exper- 
tise covers all areas relevant for accurately modeling 
surface deformations, namely: 

(1) the theory of Earth deformation and Earth models, 

(2) observations of surface loads, 

(3) computation of tidal and non-tidal loading effects, 

(4) and space geodetic and gravimetric observations. 

The team also includes the seven chairs of the ex- 
isting SB. These chairs are ex-officio members of 
the SBL and participate in the SBL to insure close 
cooperation between their SB and the SBL. 

The accuracy of the products provided through 
the SBL should, as much as model limitations al- 
low,match the precision of the space geodetic and 



gravimetric observing techniques. Achieving this 
ambitious goal requires major scientific advances 
with respect to the Earth model, the theory and algo- 
rithms used to model deformations of the Earth and 
the surface loading data. Consequently, a scientific 
agenda has been established to perform the research 
necessary for the improvement of the models and 
algorithms, in parallel with an operational agenda 
which is directed towards establishing a service 
which provides validated loading products to lERS 
community. 

5 Investigation of Loading Effects by 
Space Geodetic Technique 

Loading displacements have to be taken into ac- 
count when analyzing space geodetic data. 

5.1 Application of Atmospheric Loading 
Corrections to VLSI Data 

First, results will be briefly summarized, that were 
obtained by Haas et al. (1997) using a site- 
dependent loading model following eq. (2) with a = 
-0.4. The local pressure p(t) was taken from records 
of atmospheric data during the VLBI sessions and 
the reference pressure pRef was computed as mean of 
several years. 

In a first step this simple model was applied to 
subsets of the global VLBI data set. The VLBI re- 
sults (e.g. baseline lengths) change by a few mm 
when the atmospheric loading corrections are ap- 
plied but the post-fit residuals and the baseline 
length repeatability improve only marginally. Possi- 
ble reasons for that might be the very simple model 
which was used, the question of IBH or non-IBH, 
and possible local effects at some VLBI stations. 

In a second step the atmospheric loading coeffi- 
cients a were determined from VLBI data for 18 
stations. The global VLBI data set contained about 
800.000 delay observations covering 18 years. 
When solving for atmospheric loading coefficients 
the x2 decreases slightly by 0.2% and most of the 
results are numerically significant and are reason- 
able with respect to the theoretical models. However 
for some stations the empirical results obviously 
disagree with the theoretical coefficients. The model 
parameters and VLBI estimates of atmospheric 
loading coefficients a are given by Haas et al. 
(1997). 

5.2 VLBI Data Analysis Using the OCCAM 
Software 
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In the investigations reported here, all NEOS-A 
sessions (weekly VLBI measurements, each 24h 
with 5-7 stations) from Jan. 1996 to Dec. 2001 were 
analyzed. In a first solution following the standard 
procedure of VLBI analysis no a-priori loading 
corrections were applied. In the least-squares fit 
relative station coordinates were estimated for each 
24h VLBI session and used to determine station 
heights and baseline lengths. This solution will be 
called ‘reference’ in the following sections. The 
VLBI Software package OCCAM (V 5.1) was used 
for the analysis of the VLBI data. It has been devel- 
oped by European VLBI groups since 1983 and is 
applied by 6 IVS Analysis Centers (3 operational 
Analysis Centers). It can be applied under MS/DOS 
and Unix or Linux and is a very flexible VLBI pro- 
gram (Titov et al., 2001). 

5.2.1 Correlation Coefficients 

Various sums of the loading effects were computed 
for the same time epochs as the VLBI estimates 
considering several combinations of the different 
models described in section 3 (see Table 1). As an 
example the geodetic results for Algonquin Park are 
plotted in Fig. 6. During some time intervals the 
agreement between the model and the observed 
station heights is quite good but there are also time 
intervals when the correspondence is very poor 
probably because the VLBI estimates are biased by 
other effects such as unmodelled tropospheric bend- 
ing. Now, the correlation coefficient between the 
‘reference’ and the modeled loading displacements 
in terms of various sums of the loading effects were 
calculated for all VLBI stations. For most of the 
stations the correlation is very weak with correlation 
coefficients of less than 0.3. 

ALGOPARK 1996-20Q1 



- rwghif fron vlbj 

r 

1 , ' ■ f 




m? 1S^ 3000 2001 30012 

Fig. 6 Station heights and sum of loading effects (suml) at 
Algonquin Park 



5.2.2 VLBI Station Heights and Baseline 
Lengths 

Now, the VLBI analyses were repeated with a-priori 
loading corrections applied. Again all NEOS-A 
sessions from Jan. 1996 to Dec. 2001 were analyzed. 
Relative station coordinates were estimated and the 
station heights and baseline lengths were determined 
and compared with the results of the first, uncor- 
rected ‘reference’ solution. Finally, the scatter of the 
station heights and of the baseline lengths was com- 
puted. The two tables (Table 2 and Table 3) give 
standard deviations in [cm] representing the repeat- 
ability around a mean station height, and around a 
straight-line fitted to the baseline lengths. Each first 
column gives the repeatabilities of the reference 
solution where no loading corrections were applied. 
Improved repeatabilities of the station heights when 
correcting for loading effects, indicated by grey 
figures in the tables, were obtained in 64% of all 
combinations of loading models treated here. How- 
ever, the average improvement is only at 3,9% never 
exceeding 11,5%. For some stations (ALGOPARK 
and WESTFORD) all various combinations of load- 
ing models yield improved repeatabilities. Consider- 
ing all of the stations there is not one combination of 
the loading models that seems to be superior to the 
others. Similar conclusions can be drawn for the 
baseline lengths (Table 3). From this, it can be con- 
cluded that the existing mass loading models that 
were described in section 3 and were used for this 
study still have deficiencies on several regions of the 
globe. 

5.3 Radial Displacements Determined by 
Doris 

Doris is a satellite tracking system based on a dense 
network of around 50 beacons that have been de- 
ployed in the early 1990s. We have analyzed seven 
years (1993-1999) of Doris data on Spot-2, Spot-3, 
Spot-4 and Topex/Poseidon. Details on the Doris 
data processing can be found in Cretaux et al. (1998). 

For the current study we have used a software de- 
veloped at the GRGS which is based on the dynami- 
cal computation of satellite orbits, simultaneously 
with determination of station coordinates and veloci- 
ties as well as polar motion. For this analysis we 
have computed monthly 3-D coordinates of the 
beacons of the Doris network and used the vertical 
time series. Ocean tide loading effect has been com- 
puted for each site and removed during the orbital 
computation, but not the atmospheric, the non-tidal 
oceanic, and continental water loading. Among the 
50 beacons of the Doris network, only 16 of them 
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have presented significant vertical fluctuations (with 
respect to noise) at the seasonal time scale. Then for 
each of the selected stations an annual signal was 
adjusted which is supposed to reflect surface loading. 
This was then compared to the annual signal pre- 
dicted by the different surface loading models. 

The first aim was to check the coherence between 
the Doris system and the model predictions, then if 
possible, to use the comparisons to discriminate 
between the models. Table 4 gives the comparison 
made between Doris annual vertical displacements 
and three combinations of the models, based on 
different models for continental waters (soil mois- 
ture -I- snow). It indicates that globally, the model 



Huang + ISLCP is closer to Doris in amplitude as 
GSWP but less coherent in phase. The Milly model 
does not show any evident improvement. The same 
comparison was also made for the non-tidal oceanic 
contribution, and this showed without any doubt that 
the POCM model underestimates the annual vertical 
deformation of the crust. We have also tried to com- 
pare the discrepancies observed in Table 4 with the 
locations of the stations, but there is no clear geo- 
graphical correlation. It is certainly too premature to 
draw any final conclusion about the discrimination 
between models. A more reliable comparison needs 
to be performed with more geodetic stations. 



Table 1. Sum of loading effect 



sum of 

loading effects 


atmospheric 
loading effect 


snow cover 
loading effect 


soil moisture 
loading effect 


non-tidal oceanic 
loading effect 


sum 1 


van Dam IBH 


MILLY 


MILLY 


T/P 


sum 2 


van Dam IBH 


GSWP 


GSWP 


T/P 


sum 3 


van Dam NIBH 


ISLSCP 


HUANG 


T/P 


sum 4 


van Dam NIBH 


ISLSCP 


HUANG 


POCM 


sum 5 


Cretaux 


MILLY 


MILLY 


T/P 


sum 6 


Schemeck 


MILLY 


MILLY 


T/P 


sum? 


Schemeck 


GSWP 


GSWP 


T/P 


sum 8 


Schemeck 


MILLY 


MILLY 


POCM 


sum 9 


Schemeck 


GSWP 


GSWP 


POCM 



Table 2. Repeatabilities of the mean station heights in [cm]; improvements in grey figures. 



VLBI station 


reference 
(no loading 
effect) 


sum 1 


sum 2 


sum 

m 

S 


of loading effects applied a-priori 

^ ^ O 

a a a a 

13 S 13 

CA CA CA 


sum 8 


sum 9 


ALGOPARK 


1,30 


1,28 


1,29 


1,29 


1,28 


1,28 


1,26 


1,27 


1,26 


1,27 


FORTLEZA 


1,96 


1,96 


1,96 


1,96 


1,96 


1,96 


1,97 


1,96 


1,96 


1,96 


GILCREEK 


1,08 


1,08 


1,08 


1,11 


1,10 


1,12 


0,98 


0,98 


0,98 


0,98 


KOKEE 


1,52 


1,52 


1,52 


1,51 


1,52 


1,52 


1,52 


1,52 


1,52 


1,52 


MATERA 


1,33 


1,27 


1,28 


1,29 


1,34 


1,25 


1,29 


1,31 


1,33 


1,35 


NRAO20 


1,66 


1,66 


1,67 


1,68 


1,67 


1,66 


1,65 


1,66 


1,64 


1,65 


NYALES20 


1,40 


1,37 


1,38 


1,39 


1,41 


1,36 


1,34 


1,34 


1,35 


1,35 


WESTFORD 


0,66 


0,59 


0,60 


0,59 


0,58 


0,61 


0,60 


0,61 


0,59 


0,60 


WETTZELL 


1,14 


1,16 


1,16 


1,14 


1,14 


1,16 


1,08 


1,08 


1,08 


1,08 



Table 3. Repeatabilities of the baseline lengths in [cm]; improvements in grey figures. 



Baselines 


reference 
(no loading effect) 


sum 1 


sum 2 


sum of loading effects applied a-priori 
M M M S S 


sum 8 


sum 9 


ALGOPARK FORTLEZA 


0,98 


0,98 


0,98 


0,98 


0,98 


0,99 


0,99 


1,00 


0,99 


0,99 


ALGOPARK GILCREEK 


0,63 


0,62 


0,62 


0,63 


0,63 


0,62 


0,62 


0,63 


0,62 


0,63 


ALGOPARK KOKEE 


0,92 


0,89 


0,89 


0,89 


0,89 


0,90 


0,90 


0,91 


0,91 


0,91 


ALGOPARK MATERA 


1,03 


0,95 


0,95 


0,96 


0,96 


0,94 


0,97 


0,97 


0,98 


0,98 


ALGOAPRKNRAO20 


0,32 


0,32 


0,31 


0,31 


0,32 


0,31 


0,32 


0,32 


0,32 


0,32 


ALGOPARK NYALES20 


0,55 


0,54 


0,55 


0,54 


0,54 


0,55 


0,54 


0,55 


0,53 


0,54 


ALGOPARK WETTZELL 


0,67 


0,65 


0,66 


0,65 


0,65 


0,65 


0,64 


0,65 


0,64 


0,65 


FORTLEZA GILCREEK 


1,50 


1,50 


1,50 


1,52 


1,52 


1,50 


1,40 


1,41 


1,40 


1,40 


FORTLEZA KOKEE 


1,64 


1,66 


1,65 


1,63 


1,63 


1,66 


1,66 


1,64 


1,64 


1,63 


FORTLEZA NYALES20 


1,39 


1,39 


1,39 


1,38 


1,39 


1,38 


1,39 


1,38 


1,38 


1,37 


FORTLEZA WESTFORD 


0,70 


0,66 


0,66 


0,66 


0,67 


0,66 


0,67 


0,66 


0,67 


0,67 
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FORTLEZA WETTZELL 


1,02 


1,05 


1,04 


1,03 


1,04 


1,05 


1,04 


1,04 


1,04 


1,04 


GILCREEK KOKEE 


0,59 


0,58 


0,57 


0,57 


0,56 


0,60 


0,58 


0,57 


0,59 


0,58 


GILCREEK NYALES20 


0,52 


0,49 


0,50 


0,53 


0,53 


0,46 


0,51 


0,52 


0,51 


0,52 


GILCREEK WETTZELL 


0,83 


0,82 


0,83 


0,83 


0,84 


0,82 


0,81 


0,81 


0,81 


0,81 


KOKEE MATERA 


1,18 


1,11 


1,11 


1,20 


1,23 


1,06 


1,08 


1,08 


1,13 


1,14 


KOKEE NRAO20 


1,16 


1,16 


1,17 


1,17 


1,17 


1,16 


1,15 


1,16 


1,15 


1,16 


KOKEE NYALES20 


1,21 


1,22 


1,22 


1,20 


1,21 


1,21 


1,23 


1,22 


1,22 


1,22 


KOKEE WESTFORD 


0,70 


0,63 


0,63 


0,64 


0,63 


0,65 


0,64 


0,63 


0,65 


0,64 


KOKEE WETTZELL 


1,28 


1,30 


1,30 


1,28 


1,28 


1,31 


1,28 


1,27 


1,28 


1,27 


NYALES20 WETTZELL 


0,40 


0,40 


0,40 


0,40 


0,40 


0,40 


0,39 


0,39 


0,39 


0,39 


WESTFORD WETTZELL 


1 0,62 


1 0,54 


0,53 


0,57 


0,54 


0,55 


0,60 


0,59 


0,61 


0,60 




6 Conclusions 

The non-tidal loading effects are in the range of ±10 
to 30mm and should be corrected when analyzing 
space geodetic data. So far, only weak correlation 
between VLBI station heights and modeled radial 
loading displacements (<0.3) can be observed. 
When applying a-priori corrections due to loading 
the scatter around the mean station heights and the 
baseline lengths decreases for most of the stations. 
However, further improvements of loading models 
are needed, in particular by using better global 
models for snow and soil moisture. 
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Abstract. With altimeter data from Geosat, 
ERS-1/2 and Topex/Poseidon, and the EGM96 
geopotential model, we calculated various Earth 
gravity field models for the west Pacific, covering 
the area over 0~45°N and 100~150°E. Within the 
Philippine Sea and the South China Sea, lineations 
of the residual geoid relative to EGM96 are found 
to be parallel to or across spreading ridges. Some 
trails of spreading ridges and trench-arcs are evident 
in the gravity anomaly signature. The intensities of 
the subduction activity with the accompanying 
resistant compression are different along different 
segments of trench-arcs. The Moho depth is 
inversed from the Glenni geoid undulation, and the 
tectonic implications are discussed. The stress fields 
from long- and medium-wavelength mantle 
convections are calculated from EGM96. The stress 
field from short-wavelength mantle convection is 
calculated from the isostatic geoid undulation to a 
reasonable degree of precision. The models are 
discussed jointly to elucidate the geodynamic 
processes of evolution of the marginal sea basins 
and troughs. All these models display unique 
features that are representative of the tectonics and 
geodynamics of the marginal seas. 

Keywords. Altimeter Data, EGM96, Tectonics, 
Geodynamics, Marginal Seas, West Pacific 



1 Introduction 

Satellite altimeter data can be used to study 
submarine tectonics by calculating the geoid 
undulation, refining the geopotential model and 
recovering the gravity anomaly. The relevant theory 
and methods have reached maturity to some extent 
(Rapp et al., 1991; Sandwell & Smith,1997; 
Hwang,1998). Studies of this kind have found many 
typical submarine structures, such as volcanic 
mountain chains, mid-ocean ridges, faults and 
trenches. Seafloor topographic relief and submarine 
lithospheric structures have been numerically 



modeled in detail (Wang et al., 1995). The elastic 
thickness and the age of oceanic lithosphere can be 
determined from the isostatic analysis of seamount 
load (Watts & ten Brink, 1989). The west Pacific is 
characterized by large amounts of trenches, 
island-arcs and marginal seas (Fig. 1), and is an 
important region for tectonic and geodynamic 
studies. Although some models of geoid undulation, 
gravity anomaly and seafloor topography have been 
obtained for the west Pacific marginal seas (Hwang, 
1998; Hwang, 1999; Hsu,1999), they have not been 
closely tied to seafloor tectonics. In this study, we 
investigate the tectonics of this region with the 
altimeter data. 

As an important study, Bowin (1981) used 
Geos-3 altimeter data directly to investigate the 
west Pacific tectonics. There are other studies that 
used the altimeter data indirectly. For example, 
Runcorn (1967) and Huang & Fu (1982) used 
geopotential model GEMlO’s series to study the 
west Pacific geodynamics, based on the Runcorn’s 
theory of mantle convection. 

With the launch of Geosat (1985-1989), ERS-1 
(1991-1996), ERS-2 (1996- ) and Topex/Poseidon 
(1992- ) satellites, the precision and application of 
altimeter data have reached an unprecedented level. 
The altimeter data from Geosat, ERS-1/2 and 
Topex/Poseidon and the EGM96 geopotential 
model contain much more reliable and abundant 
information about the submarine tectonics and 
geodynamics than ever before. This study makes 
use of this rich data set for the west Pacific (Fig. 1). 
First, we discuss some improved techniques that we 
use to retain the precision and resolution of the 
altimeter data and to calculate the geoid undulation 
and gravity anomaly in combination with EGM96. 
We then describe methods that we use to extract 
submarine tectonic information, to eliminate 
topographic and isostatic effects, to inverse the 
Moho depth and to calculate the stress field from 
short-wavelength mantle convection. Finally, we 
discuss the tectonic and geodynamic implications of 
these derived models for the west Pacific region. 
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Fig. 1 The West Pacific Region in This Study 



2 Calculation of Geoid Undulation and 
Gravity Anomaly from Altimeter Data 
and EGM96 

2.1 Calculation of Geoid Undulation 

We used the single-satellite crossover adjustment 
method (Tai, 1988) to reduce the radial orbit error 
of the Geosat T2/ERM altimeter data and the 
so-called dual- satellite crossover adjustment 
method (Le Traon et al., 1995) to reduce the radial 
orbit error of the ERS-1/2 data with Topex/Poseidon 
data. The high density of ERS-1/2 

(Oct., 1992~Oct., 1999) combined with the high 
accuracy of Topex/Poseidon (Oct., 1992- Oct., 1999) 
improved the quality of the altimeter data. After 
editing, correcting and making crossover 

adjustment of the altimeter data, all corrected SSH 
data are weighted and distributed onto their 
neighbouring grid nodes (4'x4') in order to obtain 
the average sea level. In order to retain the high 
resolution of the ERS-1/2 data, we did not use 
collinear stacking average (Douglas & Cheney, 
1981) to model the average sea level. We calculated 
the SST from oceanographic measurements and 
estimations (Zhao and Gao, 1999) and removed the 
SST from the average sea level to obtain the 
altimetry-derived geoid undulation (Fig.2). Geoid 
undulation over land is directly calculated from the 
EGM96 geopotential model. 

In order to check the accuracy of the geoid 
undulation model, we subtracted a reference geoid 
model based on EGM96 to degree/order 360 from 



our model. The residual geoid is displayed in Fig. 3. 
The residuals are distributed in the range -2.6-3. 2 
m with a mean of 0.35 m and a standard deviation 
of ±16.8 cm. Fig. 3 shows that the residuals are 
somewhat larger near land. It may result partly from 
the incompleteness of tide and SST corrections, 
which are heavily affected by complicated oceanic 
dynamics off coast. Nevertheless, the geoid 
undulation model is very accurate in general. The 
residual geoid essentially reflects fine structures of 
the seafloor topography. Basins, trenches, ridges 
and seamounts (chains) are depicted more clearly 
by the residual geoid (Fig. 3) than by the geoid 
undulation model itself (Fig. 2). The high accuracy 
of the geoid undulation model is due to the long 
time span and closely spaced orbits of the altimetry 
satellite deployment. 
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Fig. 2 Altimetry-derived Geoid Undulation (Unit: m) 
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Fig. 3 Residual Geoid to EGM96 (Unit: m) 
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2.2 Recovery of Gravity Anomaly 

We used an improved algorithm based on the 
method of vertical deflection (Sandwell & Smith, 
1997; Hwang, 1998) to recover the gravity anomaly. 
We calculated along-track slope and direction for 
every cycle. Values for repeated cycles were 
averaged. Here we used collinear stacking average 
to reduce high-frequency errors contained in the 
vertical deflection. The remove-restore procedure of 
the reference model EGM96 recovers the gravity 
anomaly only for higher-frequency components. 
The better linearity of these components reduces the 
integrated area for each grid node and FFT is 
available in a small window (32x32). Since the 
quality of data obtained by the inverse FFT may be 
degraded at the window edges, we only retain 
results for the four center nodes. When the window 
was shifted all over the study region, we obtained 
the grid model of altimetry gravity anomaly shown 
in Fig. 4. Compared with shipboard gravity data for 
the South China Sea, it has a standard deviation of 
±7.5 mGal. 
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Fig.4 Altimetry Gravity Anomaly (Unit: mGal) 



3 Extraction of Submarine Tectonic and 
Geodynamic Information 

3.1 Topographic, Isostatic Reduction for 
Geoid Undulation and Gravity Anomaly 

We expanded the algorithm of generalized 
topographic and isostatic reduction for gravity 
anomaly (Lei, 1984) to include corrections for 
geopotential field and geoid undulation. Fig. 5 



shows a schematic diagram of a fan-shaped block in 
the spherical crust. A is the computing point with a 
geocentric radius OA = R a. 9, R) is an arbitrary 

point in the fan-shaped block in the spherical crust. 
The distance between A and B is p= {Ra + ^-2 Ra 
R cosO)^'^. 

Making unitless, let r = R/ Ra, n = Ri/ Ra, T 2 = 
R 2 / Ra, L = p/ Ra = (1-\- r^—2 rcos9)^^^, and 

Emi^, r) = L(2-\-2 r^—rcos9—3 cos^^ — 3 cos^ 
sin^^ln(r— cos^± L ) (1) 

EsAg(9, r) = L (2— rcos^— 3 cos^^ - 1 - 3 cos^ 
sin^^ln(r— cos^-h L ) (2) 

The geoid undulation and gravity anomaly at 
point A produced by the fan-shaped block are 
expressed as 

m = -^GoRl(a^-a,)\EA0A'A% 

= -^GaRAa,-a{)\E^^{e,r)\l\% ( 4 ) 

Here G is the gravitational constant, g is the 
normal gravity and a is density difference to the 
normal crust. The fan-shaped block can be used to 
approximate any crust element on an ellipsoidal 
surface. The term sin^^ln(r-cos^-i- L ) in Formulae 
(1) and (2) approaches zero when r approaches zero. 
The expression of reduction from this generalized 
fan-shaped block remains unchanged both in the 
inner and outer zones. The method has much higher 
precision and flexibility than other approximation 
methods do (Heiskanen & Moritz, 1967). 




Fig.5 Fan-shaped Spherical Crastal Blocks 
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We used the global digital topographic model 
JGP95E (Arabelos, 1999) for outer-zone reduction 
(outside the 166.7-km Hayford radius), and 
shipboard bathymetric data and the 2'x2' seafloor 
topographic data (Smith & Sandwell, 1994) for 
inner-zone reduction (inside the Hayford radius). 
Topographic data need to be mapped into a new 
ring-shaped grid model around each computing 
point. Contributions from each fan-shaped block are 
summed up and used to correct the geoid undulation 
and gravity anomaly at the computing point. We 
used the Airy isostatic compensation model in the 
isostatic reduction with a compensation depth of 30 
km. We first corrected the geoid undulation and 
gravity anomaly for the global topography to obtain 
the Bouguer geoid undulation and gravity anomaly. 
We then corrected for the outer-zone isostacy to 
obtain the Glenni geoid undulation and gravity 
anomaly (Glennie, 1932). Finally, we corrected for 
the inner-zone isostacy to obtain the isostatic geoid 
undulation and gravity anomaly. These models are 
all presented as matrices with 4'x4' grid spacing. 
The isostatic gravity anomaly, Glenni geoid 
undulation and isostatic geoid undulation are shown 
in Figs. 6, 7 and 8 respectively. 

3.2 Inversion of Moho Depth from Glenni 
Geoid Undulation 

The fact that the Glenni geoid undulation (Fig. 7) is 
almost inversely proportional to the topography 
implies that the Moho depth is approximately a 
mirror image of the topography because of the 
requirement for isostatic equilibrium of the crust. In 
the study region, the Glenni geoid ascends broadly 
from northwest to southeast, being less than -120 m 
in Tibet and larger than 130 m in the southern 
Philippine Sea. There are some local uplifts in the 
continental margin seas. Obviously, the model 
appears as gradient belts corresponding to tectonic 
boundaries, and facilitates inversion of the Moho 
depth. The lateral heterogeneities of the mantle 
affect the recovery of the subtle variations of the 
crustal structure and needs to be removed. 
According to Bowin’s formula for an equivalent 
point-mass depth for each degree-n harmonic term 
of the geopotential field (Bowin, 1986), = 

R/(n-l), we removed the geoid undulation 
represented by EGM96 harmonic terms up to 
degree 36 from the Glenni geoid undulation (Fig.7) 
to reduce the mantle heterogeneity effects. 

The corrected Glenni geoid undulation displays 
high-frequency components related to local 
structures reasonably well. But information about 



regional structures may have been lost. We solved 
this problem by removing and restoring a reference 
model of the Moho depth with large- and 
medium-scale structures, as we did in the 
remove-restore procedure of EGM96 to recover the 
gravity anomaly. Combining data from the 2°x2° 
global crust and mantle model 3SMAC (Nataf & 
Richard, 1996), the l°xl° global sediment thickness 
model (Laske & Masters, 1997) and the 5'x5' global 
topographic model JGP95E (Arabelos, 1999), we 
built a 2°x2° Moho reference model. After the 
removal of mantle heterogeneity and the Moho 
reference model, the Glenni geoid undulation 
mainly reflects the high-frequency fluctuation of the 
Moho depth. Similar to the recovery of gravity 
anomaly, we achieved convergence after 2 to 3 
times of iteration with an FFT inversion algorithm 
(Parker, 1973) available in a small shifted window 
(32x32). Because the high-frequency fluctuation h 
of the Moho discontinuity is much smaller than its 
average depth zo, in the frequency domain K, where 
k represents the amplitude of K, the forward and the 
inverse formulae are 

= ( 5 ) 

g »=i «! 

h(K) = -^ke^’^'‘N(K,0) ' 

Ga 

Here a is density difference between the 
mantle and the crust. The inversed Moho depth is 
shown in Fig.9. Compared with the 2°x2° Moho 
reference model, the inversed model contains more 
subtle tectonic features. 




JwdMliR Gravity Anepiuilii» from AJluniriry Jind EGMSfi {Unrr:niGBd) 



Fig. 6 Isostatic Gravity Anomaly (Unit: mGal) 
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3.3 Calculation of Stress Fields of Mantle 
Convection 



The isostatic geoid undulation in Fig. 8 displays 
larger geopotential nonequilibrium than that in the 
geoid undulation in Fig.2. This fact indicates that 
the topographic and isostatic effects related to a 
hydrostatic equilibrium between the crust and the 
upper mantle play a roll in mitigating mantle 
dynamic nonequilibrium, which dominates the 
global geodynamic regime and drives lithospheric 
tectonic movements through mantle convections. 
Runcorn (1967) established a basic relationship 
between the geopotential model and the mantle 
thermal convection. From this relationship, the 
stress fields beneath the lithosphere can be 
calculated. To better characterize the stress field of 
the mantle convection, we define a new concept — 
the pseudo-potential field of the mantle convection, 
the horizontal gradient of which being the stress 
field of the mantle convection. This new field is 
introduced to represent the distribution of mantle 
geodynamic energy. With the introduction of this 
new field, we can make stress calculations directly 
from the arithmetic rule of the geoid and the vertical 
deflection from the harmonic coefficients. 
Corresponding to harmonic coefficients (c„« £nm ) of 
the geopotential model, the pseudo-potential field of 
the mantle convection and its harmonic coefficients 
are given as 



GeokJ Undulzitorv apart Irom Iso&tacy el Far Zomt. A Global lopopraphy (Unit m) 

Fig. 7 Glenni Geoid Undulation (Unit: m) 



cos ml + S'nm sin X)Pnm (cos 0) 
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Fig. 8 Isostatic Geoid Undulation (Unit: m) 



Here (/?, X, 6) are the spherical coordinates of an 
arbitrary point on the outer surface of the mantle 
convection system. M and R are the mass and 
average radius of the Earth respectively. If the 
harmonic coefficients {Cnm'Snm) of the geopotential 
model are replaced by ( Cnm €'nm ) as like in 
Formula (7), the “disturbed potential” beneath the 
lithosphere becomes the pseudo-potential field of 
the mantle convection. The “vertical deflection” of 
this field multiplied by -g is then the stress of the 
mantle convection. Following this approach, we 
calculated the pseudo-potential and stress fields for 
the long- and medium-wavelength mantle 
convection. The results are given in Figs. 10 and 11. 
Fig. 10 corresponds to degrees 4~11 and Fig. 11 
corresponds to degrees 12-36. 
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Fig. 9 Depth to Moho Discontinuity (Unit: km) 
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Fig. 10 Stress from Long-wavelength Mantle Convection 
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Fig. 11 Stress from Medium- wavelength Mantle Convection 




^n>.vi Rdd l^iom Rmpil! Rcsik) nlin Oonwoi^iDn In A.'<hnrvuph<MO( tA 



Fig. 12 Stress from Short- wavelength Mantle Convection 



From Formulae (7) and (8) it can be seen that the 
pseudo-potential field of the mantle convection is 
approximately proportional to the Earth’s disturbed 
potential, or the geoid undulation. The higher the 
degree is, the better the proportional relationship is. 
For higher-degree terms (n-^co). Formula (7) shows 
that, from the Earth’s surface down to the bottom of 
the lithosphere, the pseudo-potential field of the 
mantle convection can be approximately obtained 
by multiplying the geoid undulation by a scaling 
factor g^/27iG. Short-wavelength components of the 
geoid are seriously affected by the topography and 
density anomaly in the lithosphere. The isostatic 
geoid undulation (Fig.8), which is corrected for 
topography and isostacy, therefore, is the ideal 
model for calculating short-wavelength mantle 
convections. The model needs to be corrected for 
long- and medium-wavelength contributions 
represented by EGM96 harmonic terms up to 
degree 36, and the components with wavelengths 
shorter than 50 km need to be filtered out as well. 
With this approach and in the Cartesian coordinate 
system, we reduced the isostatic geoid undulation 
and continued it from the Earth’s surface down to 
the bottom of the lithosphere to obtain the 
pseudo-potential field for short-wavelength mantle 
convection and the corresponding stress field. The 
stress field is shown in Fig. 12. 

4 Implications of the Models for 
Submarine Tectonics and Geodynamics 

4.1 Submarine Tectonic Features 

The altimetry-derived geoid undulation (Fig.2) 
features convergence of the Eurasian plate and the 
Pacific plate. Appearing in the east of the Philippine 
Sea, the geoid uplifting belt continues to rise and 
expand towards the Equator. The global geoid is the 
highest at New Guinea (5°20.4'S, 142°40.2'E). The 
geoid abruptly drops about 8~10 m between the 
northern extending ends of the Luzon arc and the 
Gagua ridge east of Taiwan, where, accompanied by 
a deficit of mass, the Philippine Sea plate changes 
from subduction to obduction. The geoid depresses 
more distinctly along the Philippine trench and the 
Isu — Bonin — Mariana trench than along the 
Ryukyu trench and the Palau — Yap trench. In terms 
of a double trench-arc system, subduction may be 
more active along the outer belt than along the inner 
belt. Furthermore, along the outer belt, subduction 
may be more active in the north than in the south. 
Along the inner belt, it is the opposite: subduction 
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may be more active in the south than in the north. 
These features are also prominently displayed in the 
altimetry gravity anomaly model (Fig. 4), in the 
isostatic gravity anomaly model (Fig. 6), in the 
Glenni geoid undulation model (Fig. 7) and in the 
isostatic geoid undulation model (Fig. 8). 

The residual geoid (Fig. 3) derived solely from 
altimeter data reveals many intraplate- structure 
features such as fore-arc basins and out-trench rises. 
The positively beaded belt over the Kyushu — Palau 
ridge forms a boundary between different lineation 
trends in the west and east Philippine Seas. One set 
of parallel lineations is nearly perpendicular to the 
central basin ridge in the west Philippine Sea Basin, 
and another set is across the central ridge in the 
Parece Vela Basin. In the Japan Sea, the residual 
geoid lineations coincide with the NE trending 
structures. In the East China Sea, three positive 
belts trending NNE are located in the middle of the 
shelf basin, along the outer-shelf uplift and the 
Okinawa Trough, respectively. In the southwestern 
sub-basin of the South China Sea, a negative belt 
trending NE is located in the center of the basin, 
where there may be a spreading ridge. On both 
sides of the spreading ridge, the lineations appear to 
be in the parallel direction. In the eastern sub-basin 
of the South China Sea, the lineations are 
dominated by N — S trending, except for those along 
the Huangyan seamount chain. 

Tectonic features indicated by the residual geoid 
are present in the altimetry gravity anomaly (Fig.4) 
as well. However, more features of trench and arc 
structures can be found from the gravity anomaly. 
The gravity anomaly is lower along the Luzon 
trough than along the Manila trench. Anomalies at 
both places are not the same as those along other 
arcs and trenches. A negative belt of gravity 
anomaly along the Philippine trench has two thin 
branches nearly reaching the Ryukyu trench, one on 
the east side of the Luzon arc, and the other on the 
east side of the Gagua ridge. Similarly, another 
negative belt along the Ryukyu trench is separated 
into two branches at its northern end, one stretching 
to the Japan Sea, and the other into the Shikoku 
Basin. Both positive and negative belts of gravity 
anomaly with large amplitudes occur on the north 
of the Japan Sea and on the south of the South 
China Sea. Similar to those accompanied by known 
trenches and arcs, they may be related to relict 
trenches and arcs. In addition, the altimetry gravity 
anomaly shows many continental shelf basins. 

The isostatic gravity anomaly (Fig. 6) is 
generally positive over seas, except along trenches. 
The anomaly has higher amplitude outside trenches 



and behind arcs. There are two belts of higher 
amplitude (about 40-80 mGal) anomaly, one along 
the Mariana Trough, and the other along the 
Okinawa Trough. They may be the result of mass 
surplus caused by the intrusion of the 
asthenospheric material during the trough forming. 
The amplitude and the area of the positive isostatic 
gravity anomaly increase from South China Sea in 
the north toward Celebes Sea in the south with Sulu 
Sea in the middle. They may also be related to the 
intrusion of the asthenospheric material. The 
isostatic gravity anomaly outside of the Philippine 
trench is the largest in the study region. These 
large- value positive belts or areas indicate that the 
troughs and seas in this area have had intensive 
tectonic activities. 

From Fig. 7, Fig. 9 and Table 1 it is evident that 
in the Philippine Sea from west to east, the Glenni 
geoid undulation and Moho depth correlate to the 
age of the basins with lower Glenni geoid 
undulations and deeper Moho depths corresponding 
to younger basins. Crustal thickness decreases to 
about 14-16 km in the southern Okinawa Trough 
(Fig.9), where there occurred a process of evolution 
from continental crust to oceanic crust. From Fig. 7, 
Fig. 9 and Table 2 it can be seen that, different from 
what is observed in the Philippine Sea, in marginal 
seas from north to south, higher Glenni geoid 
undulations and shallower Moho depths correspond 
to younger basins. The phenomenon implies that the 
strengths of the tectonic activities are almost the 
same on both sides of the Ryukyu — Taiwan — 
Philippine arc, but their patterns are different. 



Table 1. Glenni geoid and Moho depth in Philippine Sea 



Basins 


Glenni 

geoid(m) 


Moho depth(km) 


West Philippine Sea 


<130-135 


i 

00 


Parece Vela 


<110-115 


10-12 


Shikoku 


<90-95 


9-13 


Mariana Trough 


<80-85 


10-12 



Table 2. Glenni geoid and Moho depth in marginal seas 



Basins 


Glenni geoid(m) 


Moho depth(km) 


Japan Sea 


<65-70 


12-20 


South China Sea 


<75-80 


9-18 


Sulu Sea 


<95-100 


9-16 


Celebes Sea 


<120-125 


8-14 



4.2 Marine Geodynamic Features 

According to Bowin’s formula for an equivalent 
point-mass depth (Bowin, 1986), stress fields from 
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long-, medium- and short-wavelength mantle 
convections shown in Figs. 10, 11 and 12 are 
applicable to the lower mantle, the upper mantle 
and the asthenosphere, respectively. 

Consistent with the southeastward movement of 
the Eurasian plate and the northwestward 
movement of the Pacific plate, the stress field from 
the long- wavelength mantle convection (Fig. 10) 
shows that the lower-mantle dynamic energy slips 
in the middle and converges toward both north and 
south ends. The stress convergences appear as 
sinistral compresso-shear on the north and dextral 
compresso-shear on the south. This is because the 
stress from the Pacific plate (about 3-7.5 MPa) is 
larger than that from the Eurasian plate (about 1-6 
MPa). The energy convergence on the south (about 
12x10^^ N/m) is twice that on the north (about 
6x10^^ N/m). It may be attributed to the northward 
movement of the India-Australian plate and would 
shed light on why there are more basins with large 
areas and young ages in the south. The stresses 
from the long-wavelength mantle convection are 
generally perpendicular to the Japan trench-arc, the 
Philippine trench-arc and the Isu — Bonin — Mariana 
trench-arc. It implies that these trench-arcs are 
dominated by the lower-mantle convection. 

There appears to be a medium-wavelength 
(upper) mantle convection in the Philippine Sea 
region (Fig. 11). It may be related to some kind of 
energy adjustment for the lower-mantle convection. 
In the Ryukyu trench-arc region, the stress from 
upper-mantle convection reaches 4 MPa and is 
perpendicular to the tranch-arc. On the other hand, 
the stress from lower-mantle convection in the same 
region is no more than 1 MPa and is parallel to the 
trench-arc. Same feature also exists along the Luzon 
trough-arc. The phenomenon implies that both the 
Ryukyu trench-arc and the Luzon trough-arc might 
be driven by the upper-mantle convection. In the 
Philippine trench-arc region, however, stresses from 
both the upper-mantle convection and the 
lower-mantle convection are perpendicular to the 
trench-arc, though the magnitude of the stress from 
the upper-mantle convection is 6 MPa whereas that 
of the stress from the lower-mantle convection is no 
more than 3.5 MPa. It indicates that the subduction 
along the Philippine trench-arc is driven by both the 
lower-mantle and the upper-mantle convections. 

There are two ascending and diverging centers of 
the upper-mantle convection, one on the north of 
the Japan Sea, and the other on the southwest of the 
South China Sea (Fig. 11). The center on the south is 
stronger and has a larger scale. These centers may 
be related to the energy convergence of the 



lower-mantle convection. The locations of these 
centers are in good agreement with the existence of 
relict trenches and arcs indicated by the gravity 
anomaly. 

Stress fields from short-wavelength 
asthenospheric current (Fig. 12) are generally 
divergent in back-arc basins and along trenches, and 
convergent along arcs and outside of trenches. 
Although convergent stress from short-wavelength 
asthenospheric current is weaker outside of trenches 
than along arcs, it indicates certain obstruction 
experienced by the subduction slab. The stress 
outside the Japan — Isu — Bonin — Mariana trench is 
much larger than that outside the Ryukyu — 
Philippine trench. This is consistent with 
conclusions drawn from the geoid undulation model 
analysis that the subduction may be more active 
along the outer belt than along the inner belt. 

There are two belts of convergent stress from 
short-wavelength asthenospheric current along the 
Okinawa Trough and the Mariana Trough (Fig. 12). 
Both belts seem to contradict the trough rifting. 
However, they coincide with the two belts of 
higher-amplitude isostatic gravity anomaly (Fig. 6). 
It may be an indication of the beginning stage of a 
developing back-arc basin. At this stage, the 
asthenospheric current would be convergent and 
would not have flown back to the mantle entirely. 
Part of the magma would intrude into the 
lithosphere and produce lava diapirism in the crust. 
The lithosphere and the crust would then be melted, 
thinned and rifted to provide space for 
asthenospheric current to gradually change from 
convergence to divergence. 

5 Discussions and Conclusions 

(1) Collinear stacking average may degrade the 
resolution of the altimeter data as repeated orbits do 
not follow the same track exactly. Therefore, we did 
not use the method in modeling the geoid 
undulation. The along-track slope and direction for 
single orbit may contain high-frequency errors, 
which can be reduced by collinear stacking average 
to improve the accuracy of the gravity anomaly 
recovered from the vertical deflection. The use of 
the generalized topographic and isostatic reduction 
method is necessary for extracting tectonic and 
geodynamic information from the gravity anomaly 
and the geoid undulation, such as the Moho 
discontinuity and the stress field from the 
short-wavelength mantle convection. The 
remove-restore procedure of reference model and 
FFT available in the shifted window can achieve 
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high precision and resolution of the gravity anomaly 
and the Moho discontinuity calculated from the 
altimeter data. The pseudo-potential field of mantle 
convection is introduced to make the arithmetic rule 
of the stress field to be coherent with that of the 
geopotential field. With the introduction of the 
pseudo-potential field of the mantle convection, the 
physical relationship between the stress field and 
the geopotential field becomes clearer and more 
straightforward. 

(2) Consistent with the convergence of the 
Eurasian plate and the Pacific plate, the geoid rises 
toward the Equator in the Philippine Sea. The 
long-wavelength lower-mantle convection 
converges in at the northwest of the Japan Sea and 
the southeast of the South China Sea, where 
strongly converging energy is attributed to the 
northward movement of the Indian- Australian plate. 
The movement has created some basins with large 
areas and young ages. For the west Pacific 
double-trench-arc system, the geoid undulation and 
the gravity anomaly show that subduction may be 
more active along the outer belt than along the inner 
one. Moreover, along the outer belt subduction may 
be more active on the north than on the south. They 
may be related to the change of spreading direction 
of the Pacific plate from NNW to NWW during 
50-40 Ma (Hild, 1977). 

(3) Along the inner belt of the west Pacific 
double-trench-arc system, slipping of the stress 
from the long-wavelength lower-mantle convection 
may be responsible for the weak subduction in the 
region, which is mainly driven by the 
medium-wavelength upper-mantle convection 
beneath the Philippine Sea. Subduction along the 
Philippine trench, which is stronger than that along 
the Ryukyu trench, is partly reinforced by the 
Pacific NWW trending motion. That is why main 
structures in the eastern sub-basin of the South 
China Sea are parallel to the Philippine trench-arc. 
Stress fields from the long- and 
medium-wavelength mantle convections may 
jointly lead to the northwestward rift of the Japan 
Sea and the southeastward rift of the South China 
Sea, which are signaled by gravity anomalies. 

(4) Except for the Okinawa Trough, a southward 
migration and enhancement of tectonic activities of 
the marginal sea basins resulted in deep seafloors 
and thin crust. This is in contrast to the eastward 
migration and enhancement of tectonic activities in 
the Philippine Sea. This observation, along with the 
corresponding stress field patterns from long- and 
mediums-wavelength mantle conventions, indicates 
that the marginal seas have their unique tectonic and 
geodynamic regime, different from that of the 



Philippine Sea and the Pacific Ocean. The strength 
of the tectonic activity of the marginal seas is 
comparable to those of the Philippine Sea and the 
Pacific Ocean tectonic activities. 

(5) Large positive values of the isostatic gravity 
anomaly at the Okinawa Trough may imply that the 
convergent asthenospheric current has not fully 
descended, but partly ascended into the lithosphere 
and produced lava diapirism in the crust. As the 
beginning stage of a back-arc basin development, 
the trough may also be affected significantly by 
lithospheric activation (Gao et al., 2002). The plate 
subduction would cause the lithosphere to fold and 
uplift along the island-arc, then tilt down and extend 
behind the arc. In addition, shear-opening structures 
in the lithosphere could occur in the trough, which 
are probably accompanied by the strongly 
compressional structures in Taiwan. Coupling of the 
lithospheric activation and asthenospheric current 
would be the main reason for the trough to rift and 
depress. 
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Abstract. The satellite-derived gravity field over the 
South China Sea is used to obtain a model of crustal 
thickness variations and of the bathymetry. 
Constraining data are the crust-mantle interface 
depth values recovered from seismic studies and the 
shipborne bathymetry measurements. Essential for 
the modeling is furthermore the isostatic flexure 
model, which is numerically evaluated in terms of a 
convolutional approach, thus overcoming the 
problems connected to spectral analysis. The flexure 
model and the gravity model of crustal thickness 
variations agree very well over all of the basin, 
except for a near to linear trend present in the gravity 
data, that could be due to deeper lying sources. The 
crustal model allows to isolate the gravity 
contribution of the bathymetry from the total 
observed field, which can be used to improve the 
bathymetry. Both gravity anomaly and inverted 
bathymetry delineate the central basin rift very well, 
a structure not well recovered from the shiptrack 
bathymetric sounding. 

Keywords. Satellite altimetry, gravity, flexural 
isostasy, bathymetry, crustal thickness. South China 
Sea 



1 Introduction 

The observed gravity field over the earth surface is 
generated by the 3D density variations in the earth. A 
full modeling of the observed field requires a density 
model that assigns variable density in function of 
depth and position. The full density modeling is 
feasible only in the case that independent 
constraining data are available, as the problem does 
not have a unique solution. An approximation to the 
crustal model can be achieved by reducing the 
complexity of the model, and making use of an 



ubiquitous property of the upper layers of the earth's 
crust, given by some well defined density jumps. 
Over oceanic areas the biggest jump is between 
bathymetry and water, further jumps regard the 
transition from sediments to oceanic crust, and the 
jump at the crust-mantle discontinuity. In a 
simplified crustal model, the gravity field may be 
explained by the undulations of the surfaces defined 
by the major discontinuities in density, and viceversa 
can the depth variations of the discontinuity be 
inverted from the gravity data. To a certain extent the 
contributions of the sources set at different depth 
levels can be separated by wavelength filtering, thus 
allowing the modeling of the upper or lower 
discontinuity. The isostatic compensation model 
gives a physical basis for the relation between the 
topography/bathymetry or in more general terms the 
crustal load and the crustal thickness variations. The 
isostatic compensation concept has been particularly 
successful in oceanic areas, where the elastic 
thickness Te, one of the parameters which controls 
the flexural response, has been shown to correlate 
well with the age of crustal loading (Watts, 2001). 
With a given topography/bathymetry, the long 
wavelength gravity field is controlled by the elastic 
thickness value, which determines the variation of 
the crust-mantle interface (CMI) and consequently 
the gravity signal produced by the corresponding 
density discontinuity. 

Studies concerned with the recovery of 
bathymetry from satellite derived gravity data adopt 
the short wave length gravity signal, and eliminate 
the long wavelength signal from the inversion 
process, in order to reduce the effects from the 
crustal thickness variations. Adopting the 
remove-restore method (e.g. Smith and Sandwell, 
1997; Sandwell and Smith, 2001) the bathymetry in 
the long-wavelength is that of the starting model, and 
the inversion is restricted to the short- wavelengths. 
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In the present study we aim at an interpretation of the 
gravity signal in terms of both the crustal thickness 
variations and the bathymetry in the South China Sea. 
It is investigated whether the isostatic flexural model 
is compatible with the proposed crustal model. All 
available constraints, as shipbome bathymetric 
depths and seismic evaluation of the depth of the 
CMI are considered. 

For the gravity inversion we follow the iterative 
method described in Braitenberg et al. (1997). The 
flexural isostatic calculations are based on the thin 
plate flexure model, described with many 
applications in Watts (2001). The calculations of the 
crustal flexure were made with a convolution 
approach, described in Braitenberg et al. (2002). 

We investigate the crustal thickness variations and 
bathymetry in the South China Sea. 

2 Methodology 

The approach we use in the inversion of the crustal 
structure and of the bathymetry involves a series of 
consecutive steps, which include (Al) gravity 
inversion and (A2) the calculation of the flexure of 
the crust beneath the topographic/ bathymetric load. 
Starting point of the analysis is a database containing 
gravity observations, observed ship-track 
bathymetry, crustal thickness estimates from seismic 
investigations along profiles or single points and, if 
available, some informations on the sediment layer 
thickness, and a startup bathymetry/ topography 
model as ET0P05. In the following the steps are 
described in detail. 

Step (Al): The first part of the work aims at 
modeling the CMI depth variations. If no other 
constraints are available, a constant density contrast 
across the interface is assumed. Due to the 1/r 
dependence of the gravity potential field, the short 
wavelength variations of the gravity field are filtered 
out greatly with increasing distance to the mass 
source (e.g. Zadro, 1986; Blakely, 1995). It follows 
that only the long-wavelength part of the observed 
gravity field is generated by the CMI undulations, 
the short-wavelength part being due to the 
superficial masses. For the CMI undulations to be 
inverted from the gravity data, the Bouguer 
correction must be evaluated. This can be 
accomplished with a starting topography-bathymetry 
model. The starting model can be created by 
interpolation of ocean depth measurements along 
ship-tracks, whenever these are dense enough, or 
with a global model as ET0P05, or else by an 



integration of both. It is not essential that the 
bathymetric model be of high spatial resolution, as 
the short-wavelength part of the Bouguer gravity 
field is not considered in the further processing, but 
only the long-wavelength part. The Bouguer field is 
inverted applying an iterative constrained inverse 
modeling (Braitenberg et al., 1997). The method has 
been extensively tested on synthetic models 
(Braitenberg and Zadro, 1999) and in various 
geographical areas as Alps (Braitenberg et al., 1997; 
Zadro and Braitenberg, 1997, Ebbing et al., 2001) 
and Karakorum (Braitenberg and Drigo, 1997). It 
requires some starting parameters, that are the 
reference depth of the density interface (d) and the 
density contrast across the interface (Ap). 
Furthermore the cut-off wavelength that limits the 
wavenumber-range used in the inversion must be set. 
The CMI-depth estimates from seismic 

investigations are used as constraints for the choice 
of the two relevant parameters d and Ap. 

Step A2 : The next step involves the flexure model, 
which is an independent means to find the 
CMI-undulations and allows to check for the 
consistency of the gravity-deduced CMI-undulations. 
The modeling of the CMI-undulations in terms of the 
thin plate flexure model is done by a least squares 
approximation of the gravity CMI evaluated in step 
Al of the procedure. The flexure is calculated by the 
convolution of the crustal load with the pointload 
flexure response curves, as described in Braitenberg 
et al, (2002). A set of flexure response curves is 
prepared, pertaining to the elastic thicknesses 
ranging from Te=0 km to Te=20 km at a step of 0.5 
km. On square windows of sidelength L the 
difference of the gravity CMI and flexure CMI is 
calculated. The rms difference between the two 
undulating surfaces is minimized by varying the 
elastic thickness Te. The result is a solution of the 
flexed crust that is in best agreement with the long 
wavelength component of the gravity field. 

Step B : Once the flexure CMI has been obtained, 
the gravity field generated by it is evaluated. This 
field is then subtracted from the observed gravity, in 
order to obtain the residual gravity, which is greatly 
due to the bathymetry. 

Step C : The third step is concerned with the 
inversion of the residual gravity, which results in the 
bathymetry. Again the inversion depends on two 
parameters, which are the reference depth and the 
density contrast. The reference depth in this case is 
the sea level and the density contrast is the difference 
between the densities of sea water and the crustal 
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reference density. The bathymetry along shiptracks 
is used as a constraint for the choice of the density 
contrast adopted in the inversion. 

In the procedure we have outlined, some 
distortion of the inverted bathymetry may be due to 
the gravity effect of the sediments or density 
variations in crust and mantle. Up to this point of the 
procedure, the sediment thickness has not been taken 
into account. For the South China Sea presently no 
model of sediment thickness is at our hands, so we 
may not model the gravity effect directly. Presently 
we correct for these contributions by reducing the 
very long-wavelength part of the gravity anomaly 
with a high-pass filter with 800 km cut-off 
wavelength. 



105 * 110 ' 115 ' 120 ’ 




Fig. 1 Tectonic map of the South China Sea, after Map Series of 
Geology and Geophysics of China Sea and Adjacent Regions 
(1992). 



3 Geological Outline of the South 
China Sea 

The Fig. 1 shows a tectonic map of the South China 
Sea (after the Map Series of Geology and 
Geophysics of China Sea and Adjacent Regions, 
1992). The ridge running along the center of the 
basin is shown. The spreading direction and age has 
been determined from the observations of the 
magnetic lineations parallel to the ridge. The ridge is 
divided into the EW-trending northern older segment 
and the younger SW-NE trending segment. The 
basin is bounded to the north by the passive South 
China Sea continental margin, to the West by a 
postulated transform margin and to the east by the 
Manila Trench, where oceanic crust is subducted 
eastward (Nissen et al., 1995). The age of the EW 



trending magnetic lineations have been estimated to 
correspond to ages 17-32 Ma, whereas the SW-NE 
trending lineations are younger and are estimated to 
be 15.5-24 Ma of age. 

The bathymetry of the South China Sea has been 
studied by Wang et al. (2001) using satellite derived 
gravity data and a spectral approach to the isostatic 
flexure. The short wavelength bathymetry in the 
band 20-120 km is recovered from gravity by 
downward continuation, and the long wavelength 
part is set equal to the ETOP05 grid. It was shown 
that the inversion recovered several tectonic features 
not present in the ETOP05 model. 




Fig. 2 Observed satellite derived gravity anomaly (Hwang et al., 
1998). Land areas: black. 



4 The China Sea CMI and Bathymetry 

The above method is applied to the South China Sea, 
in an area defined in latitude by the interval 
8°N-19°N and in longitude by 105°E-122°E. The 
window comprises the central part of the South 
China Sea basin. The observed gravity anomaly is 
shown in Fig. 2, and the land (dry) areas are marked 
in black. The satellite derived gravity field with T x 
T sampling of Hwang et al. (1998) was projected in 
Gauss Krueger projection and resampled at 4 km 
grid interval. The most evident feature is given by 
the negative gravity values along the rift. Isolated 
bright spots are due to seamounts or small features 
emerging above the basin. The Nansha Trough and 
the Manila Trench are marked by strongly negative 
gravity values. The complete Bouguer correction 
was applied with a density of 1.64 10^ kg/w?. Here 
the ETOP05 model was used for the calculations. 
The Bouguer field is low pass filtered with a cosine 
taper filter which has unit value to a wavelength of 
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120km. This field is used for the constrained 
inversion of the CMI (Step Al). The constraining 
values of the depth of the CMI are taken from Xu et 
al., (1997), and refer to seismic investigations. 




ixm) 



Fig. 3 Solution of the CMI undulations in South China Sea from 
gravity inversion and flexural modeling. Land areas: black. 
Seismic constraints on CMI depth after Xu et al. (1997) as labeled 
grey dots. Isoline spacing: 2km. Outline of basin: grey. 
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Fig. 4 Difference between CMI undulations from gravity 
inversion and according to flexure model (km). Land areas: black. 
Outline of basin black. 

In Fig. 3 the position and values of the constraints 
on the CMI are plotted as labeled dots. Different 
values of the reference depth d of the CMI, ranging 
from 20-30 km, and of the density contrast (450-570 
kg/m^) were tested. Smallest mean deviations from 
the constraining values are found for d=21-23 km 
and density between 470 and 550 kg/w?, the greater 
reference depth requiring a smaller density contrast. 




(km) 

Fig. 5 Gravity field of the CMI, isolines spacing: 20 10'^ m/s^. 
Outline of basin: heavy black. Land areas: black. 

We now test the compatibility of this field with the 
isostatic flexure model, where the elastic thickness is 
allowed to vary spatially (Step A2). On square 
windows of 120 km sides the Tg values are found for 
which the gravity inverted CMI and the flexure CMI 
variations have the smallest rms-difference. The 
windows are shifted by 50% of their sidelengths. The 
solution of the CMI undulations according to the 
flexure model are shown in Fig. 3. The flexure CMI 
reproduces the gravity CMI very well in the basin. 
The difference (gravity CMI - flexure CMI) is shown 
in Fig. 4. The overall difference ranges in the 
bounds -7 to +4 km, the greatest values being found 
east of the Manila Trench. The standard deviation is 
1 km. The flexure CMI represents a physical model 
of the crustal thickness variations in the frame of the 
thin-plate isostatic flexure model. We thus calculated 
the corresponding gravity field (Step B), shown in 
Fig. 5. This field is subtracted from the observed 
field, furnishing the residual field. The residual field 
is then inverted in order to recover the bathymetry 
(Step C). The reference depth d is set at the surface 
and the density contrast is adjusted so as to minimize 
the difference between the inverted bathymetry and 
the shiptrack derived bathymetry. We let the density 
vary in the bounds 1450 to 1650 kg/w?, and assign 
the value 1640 kg/w?, which leads to a good fit to the 
constraining bathymetric values. The final 
bathymetry grid for the South China Sea is shown in 
Fig. 6. The inverted bathymetry and the starting 
values of ETOP05 on average differ by an amount 
of 230m (root mean square), with extremes reaching 
isolated maximum values of ± 2000 m. Along the 
SW part of the rift, present as a linear feature in the 
gravity anomaly, a deepening of the bathymetry is 
found, of about 500 m. The rift structure is hardly 
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present in the shiptrack data, which is an indication 
of the fact that it must be buried below sediments. 

Along the profiles A-D marked in Fig. 6, a 
comparison between the different fields is made. The 
flexure and gravity CMI, the different bathymetry 
estimations (ET0P05, inversion of this paper, 
bathymetry of Sandwell and Smith (1997), 
Shiptracks) and the gravity field (observed gravity 
anomaly, Bouguer gravity, and gravity field of the 
flexure CMI) are shown in Fig. 7. It is seen that the 
flexure and gravity CMI are in good agreement, and 
that the long-wavelength part of the Bouguer gravity 
coincides with the gravity field of the flexure CMI. 
With respect to the ET0P05 grid, the bathymetry 
estimate from the inversion contains more detail. 

The deepening of the bathymetry along the rift is 
more pronounced in the SW, younger part of the 
basin (profiles C, D), whereas in the NE part it is 
lined by a series of seamounts. The profiles show 
well how the deepening of the basin is accompanied 
by a shallowing of the CMI, giving evidence of 
isostatic equilibrium. The elastic thickness we find 
in the basin is generally low and varies between 2 
and 6 km. 



no (taijiis 




5T500 3M00 WW 3«W 3MOO JWW SSZW 



Fig. 6 Bathymetry grid from gravity inversion. Profiles A,B,C,D 
shown in Fig. 7. Land areas: black. Basin outline: heavy black. 
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Fig. 7 The different quantities along the profiles shown in Fig. 6 
(origin centered on the intersection with the rift), a) profile C: 
bathymetry according to this paper, to ETOP05, to Sandwell and 
Smith (1997), to shiptracks and gravity field (observed anomaly, 
Bouguer, gravity field of flexure CMI) b) profiles A-D: flexure 
and gravity CMI, bathymetry (inversion, ETOP05, shiptracks) 
and gravity anomaly. 



5 Discussion and Conciusion 

We have deseribed a method that aims at formulating 
a model of the crustal thickness variations and of the 
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bathymetry, using the satellite derived global gravity 
grid and the thin plate lithospheric flexure model. 
The solution is constrained by available data 
regarding crustal thickness and bathymetry, 
available along profiles, or at single points. The 
method we propose takes most of the gravity signal 
into account, and limitations are made only for the 
very long wavelengths (>800 km). The observed 
gravity field is modelled as the sum of the 
contribution of the CMI undulations and of the 
bathymetry. Intracrustal mass-anomalies are not 
presently taken into account, as no sufficient 
information is presently available to us. The 
methodology can be extended in its application to a 
large scale study of the CMI-undulations and 
bathymetry. Ideally the effects of sediments on the 
gravity field should be modelled. As we had no 
constraints on the sediment cover, this could not be 
done in the South China Sea at the present time, but 
is a goal for the future. The neglect of the sediment 
cover can lead to an overestimation of the crustal 
thickness, in places where the sediment cover 
effectively is present. 

The presence of the sediment cover opens another 
problem, of more fundamental nature. As discussed 
in Smith and Sandwell (1997), features of the 
basaltic oceanic crust, closely tied to the teconic 
evolution of the sea-floor, can be partly or 
completely masked by a loose sedimentary cover. 

Depending on the specific application for which 
the bathymetry grid is used, the undulations of the 
oceanic basaltic crust may be preferred to the 
bathymetric model corresponding to the surface 
formed by the sediments. 

Due to the strong gravity signal produced by the 
undulations of the basaltic oceanic crust, the 
bathymetry obtained from the inversion of the 
observed gravity anomaly, is nearly coincident with 
this last surface. It follows that important features of 
the bathymetry are recovered from the gravity 
inversion, that may not be visible by shipsounding 
due to the fact that they are buried below sediments. 

An example is the rift structure in the South China 
Sea, which is missing in the ET0P05 model, but is 
clearly visible in the inverted bathymetry. For all 
applications that are concerned with the study of the 
geological/geophysical properties of the ocean floor, 
the gravity inverted bathymetry is of great use and 
may be preferred to the ship-borne bathymetry. On 
the contrary, for all applications that concern 
navigation and mapping of the present seafloor, the 
bathymetry which equivals to the depth recoverable 



by shipsounding is the one to be used. 
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Abstract. One of the major applications of 
satellite altimetry is to recover gravity 
information. In this paper, three methods (i.e., 
analytical and numerical inversion of the stokes 
formula, and the inverse Vening Meinesz 
formula) for deriving gravity anomalies from 
altimeter data are developed and studied in 
detail. The three formulae are implemented 
using fast Fourier transform (FFT) technique. 
And a series of modified spherical 2D FFT 
formula for the computation of gravity anomaly 
have been proposed in this step. Then they are 
compared and tested using synthetic data from 
an ultra high degree geopotential model 
MOD99c to degree and order 1440. The stability 
of the three approaches is investigated using 
simulated data, and many numerical tests are 
done to quantify the feature of the three 
approaches. Finally, the three formulae are 
employed to compute gravity anomalies over the 
South China Sea using geoidal undulations and 
deflections from Seasat, Geosat, ERS-1 and 
TOPEX/POSEIDON (T/P) satellite altimetry. 
And the estimated gravity anomalies are 
compared to marine gravity data from shipboard 
measurements in the studied area. 

Keywords. Satellite altimetry. Marine gravity 
anomaly, FFT 



1 Introduction 

With the advent of satellite altimetry, the 
applications of satellite altimetry data have been 
extensively investigated. One of the major 
applications is to recover gravity information from 
satellite altimetry data. This has been done in the 
recent past (e.g., Knudsen and Andersen, 1997; 
Sandwell and Smith, 1997; Anderson and Knudsen, 
1998; Hwang et al, 1998), and four corresponding 
altimetric-derived anomaly sets have been obtained. 
Rapp (1998) has made a detailed comparison of the 
above four altimetric-derived anomaly sets with the 



ship gravity data in the Gulf of California region. 
As we know, there exist three major approaches, i.e. 
the analytical and numerical inversion of the Stokes 
formula, and the inverse Vening Meinesz formula, 
for deriving gravity anomalies from altimeter data. 
The attention of the authors in this article is paid to 
the distinguishing characteristic of the three 
approaches. And the aim of this work is to find out 
which formula gains an advantage over the others in 
operational performance. First, the three formulae 
are implemented using fast Fourier transform (FFT) 
technique. And a series of modified spherical 2D 
FFT formula for the computation of gravity 
anomaly have been proposed in this step. Then they 
are compared and tested using synthetic data from 
an ultra high degree geopotential model MOD99c to 
degree and order 1440. The stability of the three 
approaches is investigated using simulated data, and 
many numerical tests are done to quantify the 
feature of the three approaches. Finally, the three 
formulae are employed to compute gravity 
anomalies over the South China Sea using geoidal 
undulations and deflections from Seasat, Geosat, 
ERS-1 and TOPEX/POSEIDON (T/P) satellite 
altimetry. And the estimated gravity anomalies are 
compared to marine gravity data from shipboard 
measurements in the studied area. 

2 Mathematical Model 

2.1 The Numerical Inversion of the Stokes 
Formula and its FFT Evaluation 

According to Heiskanen and Moritz (1967), the 
well-known Stokes’ integral equation can be 
expressed as 

N=^\\AgS{iif)dcT ( 1 ) 

where R is sl mean radius of the Earth; Ag is the 
free air gravity anomaly on a surface of the sphere 
of radius ^ is the mean normal gravity of the 
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Earth; y/ is the spherical distance between the 
computation point and the moving point of the 
integration; Siy/) is the Stokes kernel function, 
given by 



as inverse stokes’ equation ) can be expressed as 



K 



r 









\67tR 



-do' 



( 6 ) 



5(t^^) = --6s-4 + 10s'-3(l-2^')ln(^ + s") 

And the convolution form of Eq.(l) can be 
written as (Strang van Hees, 1990) 

N{(p,X) = ^[Kgcos<p]x[S{<p,X)\ (2) 

The corresponding frequency-domain version of 
the above equation is 

F[N{(p,m = -^F[Agcos(p} ■ F[S{<p,X)\ (3) 

Atty 

The above equation can be used to recover 
gravity anomaly from geoidal undulations, 
which implies 



Its frequency-domain version is 

-^{F-\F[N{(p,X)cosq,} 

R AttR (7) 

F[Z(cp,A)]] - N,F-\F[cosy?] F[Z{(p,X )}} } 

where 

Z{¥) = (8) 

4sin^^ 

2 

In the same way as Eq.(5), we suggest that Eq. 
(7) be rewritten as following form: 

Agp {F-\F[N((p,X)W[Z(q>,X)W .Q. 

R AttR \^) 

-N,co^(p^F-\F[l]F[Z{(p,Am 



^g{(p,A) = 



Rco^(p ^ F[S{(p,A)\ ^ 



(4) 



Eq.(4) is just called as 2D spherical EFT 
evaluation of the numerical inversion of the Stokes 
formula. 

According to Huang et al. (2000), to improve 
the conventional 2D spherical EFT evaluation, 
we suggest that Eq. (4) be rewritten as 



Rewriting the kernel function Z{y/) as 
Z{y/) = Z{(Pp,(Pq,Ap-Aq) , according to Haagmans 

et al. (1993), the ID convolution form of Eq.(6) 
can be written as 

^gp=-^Np- j[ A (^, A) cos (p\ * [Z{(pp , (p, A)]dq) 

+ Np J[cos (p^ * \Z{(pp , (p, A)\d(p (10) 

AnR ^ 



Ag(^,;i) = 



Any 

Rco^(Pm 



F[N{(p,A)\ 

^F[S{(p,A)] 



The corresponding frequency-domain version of the 
above equation is 



where (p^ is the mean latitude of computation 
area. Although, at first appearance, Eq.(5) is only 
the approximation of Eq.(4), of practical importance 
is that, as mentioned in Huang et al. (2000), such 
modification will satisfy more closely the 
requirement of 2D EFT method. Consequently, it 
will not lead to the loss but gain in computation 
accuracy. This can be proved through numerical 
tests in the section 3. 



Ag. = \f,{N{<p,X)] 

cosq>]FAZ{(Pf.,(p,X)'\d<p +^—Nf,F;' ( 11 ) 

AttR 

{\F,[cos(pWi\.Z{(pp,(p,A)\d(p} 

where 7; and A^ ^enote the ID EFT operator and 
its inverse operator, respectively. 



2.2 The Analytical Inversion of the Stokes 2.3 The Inverse Vening Meinesz Formula 

Formula and its FFT Evaluation and its FFT Evaluation 



According to Molodenskii et al. (1962), the According to Hwang(1998), ignoring the 

well-known Molodenskii equation (also known detailed derivation, we introduce directly the 
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inverse Vening Meinesz formula as follows: 
Ag(P) = ^ + r]sma^^)d(j (12) 



where represents the azimuth in the 

direction of move point to the computation point. 

and 77 are the north- south component and 
west-east component of the deflection vector, 
respectively, and H\y/) is the integral kernel 
function with following expression: 



W ¥ ^ ■ W ^ 

COS — cos — (3 + 2 sin — ) 

= ^ + ^ 

2sin^— 2sin — (1 + sin— ) 

2 2 2 



(13) 



The 2D and ID spherical FFT evaluations of 
Eq.(12) can be written as, respectively 



=^F-'{F[//'(^,l)cosa]F[^cos^] 

4;r 

+ (14) 

Agp = ^Fi"'{^[F,[//'(AA)cosa]Fi[^cos<»] 

4;r (15) 

+ Fd//'(^>^)sincir]Fj77cos^]]} 



model, is used in different degree ranges, in which 
the lowest spherical harmonic coefficients have 
been removed, to simulate the typical prediction 
case. The generated gravity anomaies will be used 
as “ground truth” for comparing the results of FFT 
gravity predictions. Using the MOD99c 
geopotential model, several sets of geoidal 
undulations and deflections were produced on a 
5'x5' grid, and these data were then used as input to 
the spherical FFT softwares based on the 
mathematical models mentioned in the above 
section. The gravity anomalies computed by such 
way were compared with the called model gravity 
anomalies computed from the corresponding 
geopotential expansion and the rms of differences 
between them may be used to judge the accuracy of 
gravity predictions. A 55°x70° and three 10°xl0° 
blocks located at different latitudes are chosen as 
our test areas in this study. The former 
corresponds to a 660x840 grid (554400 points). 
And each of the latter corresponds to a 120x120 
grid (14400 points). The locations of the four test 
areas are: (A)0°~55°N, 70°~140°E; (B)0°~10°N, 
105°~115°E ; (C)35°~45°N, 80°~90°E ; 

(D)75°~85°N, 80°^-90°E. A statistical result 
(rms) of different gravity field parameters in the 
degree range (361-1440) is summarized in Table 1. 



Following the idea similar to Eq.(5), we suggest 
that the conventional 2D FFT Eq.(14) be rewritten 
as 



Agp = F-\F[H'{(p,X)cosa] 

F[^} + F[H'{<p,X)s,inaWm 



(16) 



3 Numerical Tests 

In order to demonstrate the improvement of the new 
2D spherical FFT technique (new 2D-S for short) 
proposed here upon the conventional one (old 2D-S 
for short), first, several consistent sets of gravity, 
geoid and deflection data, generated from a 
spherical harmonic model, are used to make 
numerical tests of FFT gravity predictions in this 
section. In the sequel, a ultra high degree 
geopotential model called MOD99c up to degree 
and order 1440 (Huang, et al., 1999), developed by 
using altimeter-derived marine anomalies on a 
global scale (Hwang, et al., 1998) and the local data 
at high resolution in China, and EMG96 as start 
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Table 1. The statistics of gravity field quantity in the test areas / lmGal= 1 cm/s^ 



Parameter 


A 


B 


C 


D 


Ag/mGal 


17.15 


5.56 


29.02 


5.17 


N/m 


0.211 


0.073 


0.356 


0.066 


§/arc-second 


2.620 


0.781 


5.130 


0.959 


rj/arc-second 


2.488 


0.876 


3.311 


0.570 



Here gravity anomaly predictions have been carried 
out using the three approaches mentioned above in 
new and old 2D-S ways, respectively. The 
computation results are then compared to the 
corresponding “true” spherical harmonic values. 
For convenience, the numerical inversion of the 
Stokes formula is called N-I-Stokes for short, and 
the analytical inversion of the Stokes formula called 



A-I-Stokes, the inverse Vening Meinesz formula 
called I-Vening-Meinesz, respectively. Table 2 
shows, first, the statistical results of the differences 
for the whole computation area A. It should be 
noted that, here, in all cases 100% zero-padding 
(Haagmans, et al., 1993) has been used in our 
computations. 



Table 2. The numerical test results for different methods in area A/ mGal 





Method 


Max 


Min 


Mean 


rms 


sd 


N-I 


Old 2D-S 


96.59 


-101.36 


0.004 


2.983 


2.983 


Stokes 


New 2D-S 


69.58 


-75.36 


0.002 


1.493 


1.493 


A-I 


Old 2D-S 




-90.77 




4.441 


4.441 


Stokes 


New 2D-S 




-48.69 




2.990 


2.990 


I- Vening 


Old 2D-S 


76.06 


-90.44 




5.703 


5.703 


Meisesz 


New 2D-S 


24.93 


-25.74 




1.227 


1.227 



From the comparisons of Table 2, it is can be 
seen that the results derived from the improved 2D 
spherical FFT in all the three approaches are 
superior to those obtained by the conventional 2D 
spherical FFT technique, indeed. And the accuracy 
improvements gained in the new 2D spherical FFT 
are very significant. This conclusion supports, again, 
the argument proposed in Huang et al. (2000) and 
verifies our claims. 

We have made a similar test in area B, C and 



D, respectively. In order to evaluate the data 
edge effects on the estimated gravity 
information, we calculate, furthermore, the 
accuracy improvements gained when the results 
around the different width edges of the 
computation area were disregarded. To save 
space. Table 3 only lists the comparison results 
(RMS) corresponding to the 2D-S FFT N-I- 
Stokes, the ID-S FFT A-I-Stokes and the ID-S 
FFT I-Vening-Meinesz, respectively. 



Table 3. The numerical test results for different methods in area A, B and C/ mGal 





Disregarded width 


0 


30 ^ 


r 


1.5° 


2° 


Area 


N-I-Stokes 


0.987 


0.195 


0.186 


0.184 


0.180 


B 


A-I-Stokes 


1.356 


0.922 


0.840 


0.804 


0.767 




I-Vening-Meisesz 


0.772 


0.453 


0.425 


0.419 


0.405 


Area 


N-I-Stokes 


4.677 


1.058 


1.050 


1.025 


0.953 


C 


A-I-Stokes 


6.691 


4.943 


4.738 


4.439 


3.984 




I-Vening-Meisesz 


3.502 


2.493 


2.476 


2.350 


2.098 


Area 


N-I-Stokes 


9.108 


1.165 


1.114 


1.125 


1.129 


D 


A-I-Stokes 


1.854 


1.354 


1.247 


1.232 


1.174 




I-Vening-Meisesz 


1.154 


0.837 


0.826 


0.825 


0.861 



It can be seen from Table 3 that although the 
data edge effects on the estimated gravity 
information from all the three approaches are 
outstanding, comparatively speaking, the effects on 
the N-I-Stokes is more significant. The results 



derived from the N-I-Stokes will not be practicable 
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if ignoring the data edge effects. Furthermore, the 
prediction accuracies remain almost unchanged 
when the disregarded width around the edges of the 
computation area increases from 30 ^ to 2° . It 
means that disregarding a small part of the results (a 
limited width) around the edges is enough for 
eliminating the data edge effects on the estimated 
gravity anomalies o 

4 Tests on the Stability of Computation 
Models 

In the above section, we have made some numerical 
tests on the prediction accuracy of computation 
models using errorless input data. In this section, a 
noise sensitivity analysis of the three approaches is 
carried out in order to see how the estimated gravity 
anomalies from satellite altimetry data is affected 
by random and systematic noise.The instrumental 
noise for Geosat> ERS-1 and T/P is at the 2- to 
5 -cm level. In order to model this noise,random 
noise has been generated and added to the 
simulated geoidal undulations and deflections of 
the vertical from the MOD99c geopotential 
model. And then a similar numerical test has 



been made in area A. Table 4 lists the mean and 
rms values of the random noise effect on 
predicted gravity anomalies from geoidal 
undulations and deflections of the vertical 
derived from the MOD99c geopotential model 
with input noise. For example, when adding 
random noise with a standard deviation of 2.0 
cm and a mean of 0.0 cm to the simulated 
geoidal undulations, the effect on the derived 
gravity anomalies is at the level of 5.4 mGal for 
2D-S FFT N-I-Stokes, 3.3 mGal for ID-S FFT 
A-I-Stokes, and 1.6 mGal for ID-S FFT 
I-Vening-Meinesz in terms of rms. The 
I-Vening-Meinesz approach gives much better 
results than the other two I-Stokes methods. 
When the standard deviation of the random 
noise increases from 2.0 cm to 5.0 cm, the mean 
errors remain at almost the same level because 
the mean of the random noise is equal to 0.0 cm 
while the rms error increases by about three 
times. This shows clearly that the input noise is 
amplified by the inversion, which is expected 
since gravity is the vertical derivative of the 
geoid. And that is just why we are interested to 
have a detailed discussion on this kind of effect. 



Table 4. test results of random noise effect / mGal 



Noise level /m 


N-I-Stokes 


A-I-Stokes 


I-Vening-Meinesz 


Mean 


rms 


Mean 


rms 


Mean 


rms 


jU = Q , <7 = 0.02 


0.001 


5.377 


-0.000 


3.313 


-0.000 


1.602 


// = 0 , O' = 0.05 


0.002 


13.442 


-0.000 


8.282 


-0.001 


4.006 


// = 0 , cr = 0.10 


0.005 


26.883 


-0.000 


16.565 


-0.001 


8.012 



In order to find out the effect of biases on the 
estimated gravity anomalies, systematic noise is 
added to the simulated geoidal undulations of the 
MOD99c geopotential model. Table 5 lists the mean 
and rms of the differences between the two sets of 
estimated gravity anomalies from two geoidal 
undulation sets, one with systematic noise, and the 
other errorless, for the two I-Stokes methods. This 
test is not done for the I-Vening-Meinesz method 
because systematic noise in geoidal undulations 
will be eliminated during the conversion of 
altimeter-measured geoidal undulations to 
deflections of the vertical in this kind of method. 
From Table 5, it can be seen that the effect of 
biases on the estimated gravity anomalies derived 
from 2D-S FFT N-I-Stokes is much stronger than 
those derived from ID-S FFT A-I-Stokes. When 
adding a constant bias of 10 cm to the simulated 
geoidal undulations, the mean and rms of 
comparison differences for the A-I-Stokes are 



-0.02 and 0.02 mGal, while for the N-I-Stokes 
the corresponding values are -1.06 and 2.16 
mGal, respectively. Furthermore, the mean and 
rms of comparison differences for the A-I-Stokes 
always change in a unified way when the 
constant bias increases from 10 cm to 100cm. It 
implies that the input bias affects only the mean 
value of the differences and not their standard 
deviation for the A-I-Stokes. This behavior is 
expected from the theory. A glance at Eq.(6) 
reveals that the bias affects only the first term 
and not the integral term. Thus, an input bias 
causes only an output bias and no output random 
errors. 
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Table 5. test results of systematic error influence/ mGal 



Constant bias level 
/m 


N-I-Stokes 

Mean 


rms 


A-I-Stokes 

Mean 


rms 


0.1 


-1.063 


2.158 






0.3 


-3.189 


6.475 


-0.046 


0.046 


0.5 


-5.315 


10.791 


-0.077 


0.077 


1.0 


-10.630 


21.582 


-0.154 


0.154 



Up to now, all the simulation tests have been 
carried out using different inversion methods 
with errorless and erroneous input data. The 
results obtained above are definitely adequate 
for verifying the advantage of using the 
I-Vening-Meinesz approach over the other two 
methods. The advantage of this approach is 
embodied mainly in two aspects: first, the 
systematic noise does not affect the results 
derived from the I-Vening-Meinesz approach, 
and second, the I-Vening-Meinesz approach has 
given better results than the other two methods 
in limited simulation. Although the A-I-Stokes 
approach is insensitive to the systematic noise, it 
is affected strongly by the random noise. In 
addition, it is clear that the N-I-Stokes method is 
affected strongly not only by the random noise but 
also by the bias. Consequently, as stated 
previously, the I-Vening-Meinesz approach is 
recommended here for real altimetry application. 
A limited experimentation with real altimetry 
data in the section 5 will confirm the above 
analysis once again. 

Generally, the accuracy of the recovered 
gravity anomalies depends on the following four 
aspects: a) data errors, which depends on the 
density, coverage and distribution of data, and 
its measurement accuracy; b) reference gravity 
field; c) modeling errors; d) numerical 
techniques (e.g., FFT techniques). In fact, the 
second and fourth aspects can be involved in the 
third aspect. According to the numerical tests in 
the section 3, for the I-Vening-Meinesz approach, 
the modeling errors can be improved to the level 
of only 2 mGal (see Table 2 and 3) when proper 
procedures are employed for the minimization or 
elimination of different effects. Additionally, as 
stated previously, the instrumental noise for 
Geosat> ERS-1 and T/P is at the 2 to 5 cm level. 
According to the tests on the stability of 
computation models, when considering the random 
noise of 5 cm as input data error, which is 
propagated into the results by the integral operator, 
the rms difference between the two sets of results 
derived from errorless and erroneous input data is 
about 4 mGal (see Table 4). Besides the 
measurement noise discussed above, it is clear that 



an additional error resulted from the conversion of 
altimeter-measured geoidal undulations to 
deflections of the vertical, which is necessary to the 
I-Vening-Meinesz approach, is affecting the 
results of the computations. The analysis in Huang 
et al. (2000) has shown that this conversion error is 
at the level of about 3 mGal. Summarizing all the 
effects from different aspects discussed above, the 
final accuracy of altimeter-derived gravity 
anomalies can be estimated theoretically as follows: 

m = +V2"+4"+3" = ±5.4 (mGal) ( 1 7) 

If a further consideration is taken for the errors of 
reference gravity field and other factors, it is maybe 
true that the quality of recovered gravity anomalies 
is poorer than we expected from Eq.(17). Further 
investigations have been done to verify the above 
claim in next section. 

5 Practical Computations and 
Comparison to Shipborne Gravity 

This section describes the application of the three 
inversion methods discussed above to real altimetry 
data over the South China Sea. The computation 
area is defined as: 2°~25°N; 105°~125°E. The 
MOD99a geopotential model (Huang et al., 1999) 
to degree 360 is used as the reference field. The 
altimeter data used are from Seasat, 
Geosat/ERM, Geosat/GM, ERS- 1/35-day, 
ERS-l/GM and TOPEX/POSEIDON. The 
method of least squares collocation and the 
covariance functions of deflections derived by 
Hwang and Parsons (1995) are applied to grid 
the deflections of different azimuths into the 
north-south and west-east components at a 2'x2' 
interval. A more detailed account of the 
altimeter data used has been given in Hwang et 
al. (1998). It is Prof. C. Hwang who has made all 
the gridded data available to us. The gridded 
geoidal undulations from the altimeter data are 
then used to compute the gravity anomalies over 
the chosen area by the 2D-S FFT N-I-Stokes and 
ID-S FFT A-I-Stokes methods, and the two 
gridded geoid gradient components by the ID-S 
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FFT I-Vening-Meinesz approach. Finally, three 
groups of computed results, which are 
corresponding to the three computation methods 
above and are named by group A, B and C, 
respectively, have been obtained in succession. 
In order to evaluate the accuracy of the 
altimeter- derived gravity anomalies, the three 
groups of computed results are compared with 
the shipborne measurements of gravity 
anomalies requested from our department in the 
region 7° to 20°N, 110° to 120°E. The data came 



from numerous cruises dating from 1990 to 2000, 
It is believed that the accuracy of the ship 
anomaly is at the level of 1 to 3 mGal. Before 
comparison, the gravity anomalies from the 
altimeter-derived grid are interpolated to each 
ship anomaly location using weighted-mean 
method. The comparisons are made at all 
(155,808) stations. The statistics of the 
differences (altimeter minus ship anomaly) have 
been calculated in three cases as shown in Table 
6 . 



Table 6. The statistics of differences between the altimeter and ship anomalies /mGal 



Year 






1991 


1993 


1994 


1995 


1996 


1997 


1998 


1999 


2000 


Number of data 


3070 


2545 


3833 


2532 


2492 


2407 


13874 


9681 


56936 


58438 


Group A 


Mean 


-3.92 


-3.32 


-3.97 


-3.81 


-3.91 


-3.88 


-1.83 


-1.79 


-4.05 


-2.25 


Rms 


11.66 


11.69 


8.67 


9.06 


8.25 


8.34 


8.95 


10.90 


9.63 


9.45 


Group B 


Mean 


-3.31 


-2.95 


-3.61 


-3.35 


-3.51 


-3.55 


-1.18 


-1.78 


-3.71 


-1.89 


Rms 


8.42 


8.66 


5.89 


6.58 


5.97 


5.45 


5.76 


7.34 


6.75 


6.73 


Group C 


Mean 


-3.38 


-2.90 


-3.54 


-3.01 


-3.96 


-3.26 


-0.99 


-1.89 


-3.70 


-1.64 


Rms 


8.25 


8.57 


5.77 


6.49 


5.87 


5.29 


5.61 


7.18 


6.62 


6.65 



Table 7. The statistics of differences between the satellite and ship 5'x5' anomalies /mGal 


Year 


Block No, 


Max 


Min 


Mean 


rms 


Std.dev. 


1990 


883 


30.77 


-46.46 


-4.08 


9.44 


8.52 


1991 


794 


22.58 


-49.18 


-3.19 


9.07 


8.49 


1993 


1051 


16.89 


-42.94 


-3.57 


5.61 


4.33 


1994 


852 


28.15 


-27.09 


-3.15 


6.12 


5.24 


1995 


610 


8.79 


-26.06 


-3.99 


5.62 


3.95 


1996 


635 


17.69 


-31.21 


-3.43 


5.35 


4.10 


1997 


949 


19.28 


-16.97 


-1.15 


4.66 


4.52 


1998 


640 


24.09 


-49.39 


-1.88 


6.57 


6.29 


1999 


784 


23.21 


-24.49 


-3.91 


6.22 


4.84 


2000 


920 


18.16 


-29.50 


-1.50 


5.03 


4.80 



Table 6 indicates that there exists a significant 
bias in all the comparison, which ranges from -1.0 
mGal to -A.l mGal. This bias is most likely 
associated with the bias values remaining in the 
ship gravity data or in the reference geopotential 
model. The group C anomalies show the best 
agreement with the ship data, with a rms of 
differences ranging from ± 8.6 mGal to ± 5.3 
mGal, in contrast to from ±11.7 mGal to ±8.3 
mGal for the group A anomalies, and ±8.7 mGal 
to ±5.5 mGal for the group B anomalies. This 
conclusion is consistent with the evaluation given in 
the section 4. The results obtained above are better 
than we expected, although the magnitude of the 
computation errors is slightly larger than the 
estimated value reported by Eq.(17). 

We next consider the comparison of the mean block 
values between the altimeter-derived and ship 
gravity anomalies. In order to save space, only the 



results of comparison to the group C anomalies are 
given in the following. Table 7 lists, first, the 
statistics of the differences between the altimeter 
and ship 5'x5' mean block anomalies. Compared to 
Table 6, no obvious change occurs in this new 
comparison due to the fact that the density of the 
marine gravity measurements is almost equal to the 
5' interval. Owing to the reason of the density of 
marine gravity surveying lines, here the 
comparisons of 15'xl5', 30'x30' and l°xl° mean 
block anomalies have been done only with the 
limited ship data obtained after 1997. Details of 
the comparison differences have been given in 
Table 8. 

From Table 8, one sees that, if considering the 
existence of errors of marine gravity 
measurements, the accuracy of altimeter-derived 
15'xl5', 30'x30' and l°xl° mean block 

anomalies can reach the level of 5 mGal, 4 mGal 
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and 3 mGal, respectively. It is for the first time that we obtain this conclusion. 



Table 8. The statistics of differences between the satellite and ship mean block anomalies /mGal 



Grid 


Year 


Max 


Min 


Mean 


rms 


Std.dev. 




1997 


5.94 


-15.36 


-0.92 


2.60 


2.43 




1998 


6.45 


-12.45 


-1.63 


3.404 


2.99 


15'xl5' 


1999 


1.96 


-11.78 


-3.37 


4.29 


2.65 




2000 


4.73 


-7.64 


-0.96 


2.64 


2.46 




1997 


2.42 


-5.82 


-0.561 


1.77 


1.68 




1998 


2.10 


-4.91 


-1.132 


2.11 


1.78 


30'x30' 


1999 


-0.31 


-6.17 


-3.16 


3.46 


1.41 




2000 


2.56 


-4.41 


-0.65 


1.86 


1.75 




1997 


1.71 


-2.74 


-0.19 


1.18 


1.16 




1998 


0.57 


-2.02 


-0.76 


1.20 


0.93 


l°xl° 


1999 


-0.04 


-4.25 


-2.03 


2.33 


1.15 




2000 


2.83 


-1.47 


-0.06 


1.21 


1.21 



6 Conclusions 

This article has concentrated on the evaluation of 
three inversion methods, i.e. the N-I-Stokes, the 
A-I-Stokes and the I-Vening-Meinesz, for 
recovering gravity anomalies from altimeter data. In 
the first part of this paper, a series of numerical tests 
have been carried out to show the improvement of 
the new 2D-S FFT technique proposed here on the 
old one, and to investigate the stability of the three 
inversion methods using simulated data. A couple of 
important conclusions can be drawn at least from 
the studies and tests above. First, the use of the new 
2D-S FFT approach has resulted in a significant 
improvement over the conventional one, indeed. 
The second conclusion is that the sensitivity of the 
I-Vening-Meinesz formula to random and 
systematic noise is lower than those of the 
N-I-Stokes and the A-I-Stokes methods. 

In the second part of this paper, the discussions 
have considered only one aspect of comparing 
altimeter-derived anomalies with ship data. These 
comparisons lead to the following three important 
conclusions. First, a significant bias is seen in all 
the altimeter-derived/ship anomaly comparisons. 
The cause of this may be related to the errors 
remaining in the ship gravity data or in the 
reference geopotential model. The second 
conclusion is that the anomalies set of the 
I-Vening-Meinesz approach gives the best 
agreement with the ship data, in which the 
deflections of the vertical from the altimeter data 
are used as input information, instead of the sea 



surface heights. Finally, we have found out for the 
first time that the accuracy of altimeter-derived 
15'xl5', 30'x30' and l°xl° mean block anomalies 
can reach the level of 5 mGal, 4 mGal and 3 mGal, 
respectively. 
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Abstract. Continual progress in Earth gravity field 
modelling requires ever more precise data sets for 
their accuracy assessment as well as refinements in 
the assessment procedures. The method used here is 
based on Latitude Lumped Coefficients and makes 
use of single-satellite crossover altimetry data 
(independent of the tested model). The method 
effectively rationa-lizes the residuals in LLC 
measurements with the model’s covariance matrix. 
It has been developed in years 1992 - 2000 and 
applied various gravity field models, from GEM T2 
to the GRIM5’s. We now apply it to EIGEN-IS & 2 
which include highly precise continuous tracking 
data from the CHAMP mission. For the first time 
these CHAMP models recommend degree- 
dependent calibration fa-ctors for its covariance 
matrix. We find these factors are needed to explain 
the independent LLC measurements on the ERS and 
GEOS AT orbits. 

Keywords: satellite crossover altimetry, accuracy 
assessment of gravity field models 



1 Introduction 

There are various methods to test Earth gravity field 
models for the accuracy of their harmonic 
geopotential coefficients. Some methods are 
sensitive to the lower degree portion of the gravity 
field, some to the higher harmonics. There is no 
universal test. Our method (see, e.g., Klokocnik et 



al, 2000, Paper 1) enriches the range of methods of 
accuracy tests; we make use of independent Single 
Satellite Crossover (SSC) residuals from altimetry 
and their associated latitude lumped coefficients 
(LLC). By these we are able to test the order 
spectrum of a geopotential model uniquely for 
radial errors so important, for example, in satellite 
altimetry. The method is most sensitive to the low 
and resonant orders of the geopotential coefficients. 

The progress towards greater accuracy in gravity 
modelling requires greater refinements in their 
accuracy assessments as well. Here, we present 
additional material to Paper 1. EIGEN- IS 
(European Improved Gravity models of the Earth by 
New techniques), includes CHAMP data (www.gfz- 
potsdam.de; Reigber et al., 2001), and is an 
extension of the GRIM5-S1 multi-satellite model 
(Biancale et al, 2000). The new CHAMP-included 
field was intensively tested at GFZ and CNES; here 
we add our test of accuracy. The procedure was also 
described in detail in Klokocnik et al (2000, 2002). 
An outline is given here and numerical examples 
for EIGEN- IS are presented. 

As EIGEN- IS is completely independent of 
satellite altimetry, we can test it by any available 
crossover data, provided that a sufficiently accurate 
and extensive data set is available. We make use of 
long-term averaged SSC (over more than one year) 
on the Geosat and ERS-1&2 orbits. Their original 
version was derived from the NASA Pathfinder data 
(Koblinsky et al., 1999) at NOAA, Silver Spring, by 
C. A. Wagner. The orbit-basis for Geosat was the 
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JGM-3 geopotential model (Tapley et al., 1996) 
while for ERS 1&2 it was DGM-E04 (a field tuned 
to ERS orbit; Scharroo and Visser, 1998). These 
SSCs were linearly transferred to be EIGEN- IS 
based. A table of all altimetry corrections is given 
in Klokocnik et al (2000) or in Wagner et al (2000). 

The expected orbit radial accuracy, closely 
connected to the used satellites and tracking data, 
their accuracy and distribution, is shown in Fig.l, 
plotted as a function of orbit inclination for two 
selected altitudes (black, upper curve for CHAMP, 
gray for ERS 1&2, ENVISAT). It was derived from 
the variance-covariance matrix of the harmonic 



coefficients of the models (here GRIM5-S1, the 
dashed curves, and EIGEN-IS, the full curves). The 
variance-covariance matrix used was already scaled 
by a factor of 5^ (compared to the covariance matrix 
just from the adjustment) for GRIM5-S1. For 
EIGEN-IS, the proposed scaling factor for its 
covariance matrix (P. Schwintzer, GFZ 2002, 
private commun.) depends (for the first time in 
gravity field modelling) on the degree of the 
harmonic geopotential coefficients: it is ki = 45/2 
for 1=0, k 2 = 45/1 for 0 < 1 < 36, ks = 45/36 for 1 > 
36 as factors for the formal standard deviations 
(retaining the original correlations). 




EXPECTED HADiAL ORBfT ERROR AS A FUNCTiON OF fNCUNATION 
FROM COVARfANCEMATRiCES 
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Fig. 1 Radial orbit error as a function of orbit inclination for two different altitudes (CHAMP and ERS/ENVISAT) and two gravity field 
models (GRIM5-1S and EIGEN-IS) 



Fig. 1 shows a massive improvement of the radial 
orbit accuracy at the inclination of CHAMP and its 
vicinity, but because EIGEN-IS is an extension of 
the satellite solution GRIM5-S1, basically by the 
powerful CHAMP data only, one cannot expect 
better radial accuracy for orbits with arbitrary 
inclination and semimajor axis. For the orbits of 
ERS/ENVISAT, for example, there is an 
improvement, however, for TOPEX, EIGEN-IS is 
seen to perform slightly worse than GRIM5-S1. 

Can we still test the new very precise gravity 
models, containing now the CHAMP data (like 
EIGEN-IS or 2) by means of altimetric SSC which 
are basically the same as used to test previous 
models without the CHAMP data (like GRIM5-S1, 
Cl)? Is the test still reliable enough, i.e. is the signal 
to noise ratio (s/n) sufficiently large? [Here by s we 
mean the signal of projected SSC or LLC errors on 



an orbit with n being a "noise" of observed 
measurements of them.] From Fig.l, we see that the 
radial error for CHAMP has indeed decreased 
dramatically from about 100 cm in GRIM5-S1 to 
about 2-cm with EIGEN-IS. For ERS-1/2/ 
ENVISAT, the improvement is moderate, from 
about 3 to 2 cm. The formal standard deviations of 
the long-term averaged SSC residuals from the 
combination of ERS-1 & 2 was about 0.7 cm a few 
years ago and now is 0.6 cm or better. Thus, the s/n 
ratio was about 6:1 for GRIM5-S1/C1, and is now 
still about 5:1 (for the SSCs of ERS-1 and 2 
together); similarly for Geosat. One has, therefore, a 
similar chance for the reliable accuracy testing of 
both pre and post-CHAMP recent gravity models 
with these precise crossover averages. 

2 On the Method 



162 





Accuracy Assessment of Gravity Field Models by Independent Satellite Crossover Altimetry 



The radial accuracy on Fig. 1 does not provide any 
insight into the geographical distribution of the 
radial error in latitude and longitude. 

This is accomplished by using Rosborough's 
tranformation where the variance-covariance 
matrices of the tested gravity models is projected to 
yield expected errors of SSC geographically. But 
such information says nothing about the spectral 
quality of the errors. Following the natural 
formulation of spherical harmonics, this 
"Rosborough spectrum" is most readily displayed 
by order in terms of so-called latitude lumped 
coefficients (LLC). These LLC were defined in 
Klokocnik et al (1992) and applied to test GEM-T2, 
JGM-2, JGM-3, EGM-96, TEG-4, GRIM5-S1, Cl, 
POEM GSO.l, PGM-2000A, and now EIGEN-IS. 
(e.g., Wagner and Klokocnik 1994; Wagner et al, 
1997, with an extension to dual- satellite crossovers; 
Klokocnik et al 1999, 2000, 2002). Following 
(Klokocnik and Kobrle 1992, Klokocnik et al 1992), 
for SSCs, we write 

AX(^, a) = ^ a, /) sinm/l + 

m-\ 

+S„(^,a,/)cosmA ] 
where (^, a,l),S^ {<j>, a, /) are the LLC: 

~ ^Im ’ ^ m ~ ~ '^Qlm ^ Im ’ 

l=m l=m 

I is the inclination, a the semimajor axis of the 
satellite orbit, the Qs are the influence functions 
(Rosborough, 1986) and (j) is geocentric latitude. 

The harmonic geopotential coeffi-cients Cim, Sim 
(degree 1, order m) and the influence functions 

(/, a, (fi) are fully normalized. 

There is no fundamental change of the method 
since Paper 1. We correct the SSCs for all available 
corrections, convert them into "observed" LLC 
discrepancies along constant latitude bands 
(constraining for land areas). Against these we 
compute "projected" (estimated) LLC errors for the 
gienv orbit with the given field's variance- 
covariance matrix, using an appropriate filter to 
account for the absorption of long-period 
geopotential terms in the orbit determination 
process giving rise to the "observations" (see Paper 
1). Then we compare rms of powers of the LLC 
discrepancies and the LLC errors over all latitudes 
with crossover data for all orders appropriate to the 



longitude gridding of the data, generally most 
sensitive to the lowest orders (excluding zero). 

The long-term (multi-year) averaging of data 
minimizes seasonal and interanual signals in the 
SSCs as much as possible. 

The test with LLC is always stronger for the 
southern hemisphere (less land areas). This fact is 
described by a larger scatter of the "observed" LLC 
discrepancies in the northern hemisphere (see Figs. 
27 and 29 of Paper 1). For a more objective 
accuracy assessment, we rejected the majority of 
northern latitudes (and the most southern bands, 
too), and used the LLC in the latitudinal range from 
+20° to -60°. The linear transfer from one gravity 
model to another was extensively tested (Klokocnik 
et al., 2000, 2002) to prove that it works well even 
for models which are not too close each other (say 
JGM-3 andEIGEN-lS). 

3 Data 

Given are the variance-covariance matrices formal 
or tentatively scaled. Then we have the SSC 
residuals, corrected. The ERS-2 SSC (Koblinsky et 
al, 1999) cover 58 cycles in the interval 1995 - 1999 
(while ERS-1 covers only 18 such cycles in 1992 - 
1993). We combined both in 2x3 deg bins (latitude 
VA longitude) averaging over 1 800 000 SSC 
residuals. The ERS-1 and ERS-2 crossovers 
originally were DGM-E04 based, and thus they 
were linearly transformed to EIGEN- IS by the 
difference of the two geopotential models, using a 
1.3 day cut for orbit perturbations. But there are 
other SSC data sets available: 13 months averaged 
point values for ERS 1&2 tandem mission (1995-6), 
related to EIGEN-IS, among others (Scharroo, 
2002, private commun.) 

4 Examples of Results 

For some models, like GEM T2 or EIGEN-2, and 
for a few lowest orders (m < 4), anomalously large 
LLC discrepancies have been discovered which 
could not be absorbed even by rescaled covariance 
matrices. In the majority of cases, however, the 
given scaling factors were confirmed. Traditionally, 
the scaling factor was a number (k) by which the 
formal covariance matrix was multiplied to estimate 
the accuracy of the model. It was true for all models 
with the exception of the newest EIGEN-IS. It was 
for the first time suggested (by P. Schwintzer, GFZ, 
private commun. 2002, see above) that the scaling 
factor might depend on the degree of the harmonic 
geopotential coefficients. (The correlation of the 
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original covariance matrix being was preserved in 
this scaling proposal). The tests presented below 
confirm that this scaling is compatible with our 
LLC results for both satellites. The data, the SSC 
residuals of ERS 1&2 (47 and 18 cycles), in 2x3 
deg bins in latitude and longitude, with Pathfinder 
corrections, are EIGEN- IS linearly transferred from 
DGM-E04. Fig. 2a shows the LLC discrepancies 
corresponding to those SSC. Fig. 2b shows the LLC 
errors, projected from the tested scaled covariance 
matrix of EIGEN- IS, for the ERS/ENVISAT orbit. 

The RMS of power of LLC discrepancies/ errors 
over latitudes are in Fig. 2c. We see a fair 
agreement between the data and the covariance 
projections, which means that the EIGEN- IS scaled 
covariance matrix is, in general, correctly calibrated. 
We also confirm that the difference between the 
data and projections is not statistically important 
(see the belt of standard errors around one of the 
results. Fig. 2c). Nevertheless, the data curves are 
above the curve for the LLC projected errors for a 



majority of orders, namely for the higher orders; 
thus, we recommend a small increase of the overall 
scaling factor of EIGEN- IS. 

To confirm the importance of the variable scaling 
factors we also worked with the original unsealed 
matrix and repeated the accuracy test on the ERS 
1&2 crossovers. In Fig. 2c, the dashed curve for the 
LLC errors with the descaled matrix is added. 
While the descaled covariance matrix yields slightly 
smaller RMS of power of LLC errors for the higher 
orders, the difference "scaled minus descaled" is 
dramatic for the lowest orders (Fig. 2c). Although 
the LLC themselves are order-dependent, we 
confirm that some degree/order dependent scaling 
factors for EIGEN- IS is necessary and this 
particular degree-dependent one is consistent with 
our observations. A simple overall factor could not 
produce the match of data with projections at low 
orders. The values of the scaling factors themselves 
(Sect. 1) are in general confirmed. 




Fig. 2a LLC discrepancies over latitudes +20° to -60° from SSC residuals of ERS 1&2, 2x3 bins in latitude and longitude, Pathfinder 
data, EIGEN- IS linearly transferred from DGM E04. 



I 




Fig. 2b LLC errors over latitudes +20° to -60° for ERS 1&2, ENVISAT projected from tentatively scaled covariance matrix of EIGEN- 
IS (to degree and order 70), with 1 .3 day cut of orbit perturbations 
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Fig. 2c RMS of power of LLC discrepancies/errors for ERS 1&2 with scaled and descaled covariance matrix of EIGEN- IS 
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Abstract. The TOPEX/POSEIDON and ERS-1/2 
satellite altimetry missions have revealed significant 
low-frequency changes of sea level in the North 
Atlantic Ocean. This work describes the changes 
that occurred from 1993 to 2001. Decomposition of 
total variance in three main modes of variability - 
annual, inter-annual and high frequency (basically 
eddies) - has been performed. As the analysis has 
shown, the annual and inter-annual signals are 
responsible for a greatest portion of variability in 
the northern North Atlantic outside the North 
Atlantic Current and its branches. In the areas 
where the inter-annual change is found to be 
significant, the sea level change followed the North 
Atlantic Oscillation index when it changed from its 
positive phase to negative in winter of 1995 - 1996 
and 2000 - 2001. 

Keywords. Sea level, satellite altimetry. North 
Atlantic Ocean 



1 Introduction 

We studied a 5°W - 65°W, 30°N - 65°N sector of 
the North Atlantic Ocean (fig. 1). The surface 
circulation is governed by the Gulf Stream 
extension in the west, the North Atlantic Current 
(NAC) separating anticyclonic subtropical and 
cyclonic subpolar ocean-scale gyres, the Azores 
Current flowing to the east along the subtropical 
front at about 33°N and a system of weaker currents 
within the subpolar gyre. The most recent view on 
the circulation features in this region may be 
obtained from Reverdin et al. (2003), Fratantoni 
(2001), Kase and Krauss (1996), Krauss (1995), 
Krauss (1986), Krauss and Kase (1984), Otto and 
van Aken (1996), van Aken and Becker (1996) and 
Valdimarsson and Malmberg (1999). 

Sea level changes occur mainly due to the 
variations of heat and mass fluxes within the 
system ocean - atmosphere, the variations of heat 
and salt budget due to advection, direct influence of 
atmospheric pressure (inverse barometer effect). 



baroclinic instability (eddies), storm surges 
occurrences etc. Thus, sea level is a good indicator 
of changes occurring in the upper ocean water 
properties (expansion and contraction of the water 
column due to changes in temperature and salinity) 
as well as in the oceanic circulation (shifts in 
position of currents and fronts). In this work we 
distinguish three general modes of the sea level 
variability present in the ocean: 

(1) inter-annual change - the change, which may 
have an irregular oscillating nature as well as a 
linear trend; 

(2) annual signal, which is a result of ocean- 
atmosphere interactions at annual frequencies in 
terms of solar radiation changes, heat fluxes, wind 
forcing etc.; 

(3) high-frequency changes (periods less than 1 
year) induced by direct wind forcing and current 
meandering resulting in eddies generation (periods 
10 to 100 days). Another type of oscillation at 
periods longer than 100 days is propagation of 
Rossby waves across the ocean basins. 

The annual signal of sea level change in the North 
Atlantic has recently been studied by Ferry et al. 
(2000). Using both numerical simulation and in situ 
data, they concluded that in large parts of the North 
Atlantic the annual cycle is mainly caused by the 
steric changes induced by heating. However, near 
the western boundary current and in areas that are 
the pathways of the NAC, like the Iceland Basin 
for example, the contribution of advection to the 
annual signal may also be important (Ferry et al., 
2000, Volkov and van Aken, in press). 

The inter-annual variations of sea level mainly 
occur due to changes in heat content of water 
colunm induced by alternation of heat and mass 
exchange between ocean and atmosphere and 
advection. The latter becomes particularly 
important on the inter-annual time scales (Reverdin 
et al., 1999) and varies due to changes in wind 
stress curl (White and Hey wood, 1995), which 
effects surface oceanic circulation and, hence, the 
redistribution of water masses with different heat 
content. The atmospheric circulation pattern with 
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its wind stress curl has an oscillating pattern in the 
Northern Atlantic and is usually described by the 
North Atlantic Oscillation (NAO) index (Hurrell, 
1995). The sea level variability in the North 
Atlantic Ocean has a basin-wide coherent dipole 
structure between the subtropical and subpolar 
gyres and changed its sign between 1995 and 1996, 
coinciding with a change of sign of the NAO 
(Esselborn and Eden, 2001). 




65°W 55°W 45°W 35°W 25°W 15°W 5°W 

Fig. 1 Map of the study region with bathymetry every 1000 m 
and surface circulation. The right tilted shading indicates the 
region where the warm waters of the Subpolar Front are spread. 
The left tilted shading represents a part of the subtropical gyre 
(adapted from Krauss, 1986). Abbreviations used: GS - Gulf 
Stream extension, NAG - North Atlantic Current, AzC - Azores 
Current, IrC - Irminger Current, EGC and WGC - East and 
West Greenland Current, LrC - Labrador Current, RC - Rockall 
Channel, RHP - Rockall-Hatton Plateau, IcB - Iceland Basin, 
IrB - Irminger Basin. 

In this study we emphasize on two first modes of 
sea level variability and leave the third, although 
very interesting, out of consideration. Our prime 
goal is to assess the portion of variance the low 
frequency change (annual and inter-annual) is 
responsible for. Another goal is to understand 
physical mechanism driving the change at inter- 
annual frequencies, in particular, the influence of 
changes in atmospheric circulation pattern. 

2 Data Used 

In this study we used combined 
TOPEX/POSEIDON (T/P)+ERS-l/2 and T/P alone 
SLA data from October 14, 1992 to February 13, 
2002, produced by the CLS Space Oceanography 
Division as part of the Environment and Climate 
EU ENACT project (EVK2-CT2001-00117) with 
support from CNES (Centre National d’Otude 
Spatiales) and distributed by AVISO (Archiving, 
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Validation, and Interpretation of Satellite 
Oceanography Data) operations center (Le Traon et 
al., 1995 and 1998, Le Traon and Ogor, 1998). 

The combined T/P + ERS-1/2 data provide more 
homogeneous and reduced mapping errors than 
either individual data set (Ducet and Le Traon, 
2000). However this data have a gap of more than 
one year from January 1994 to March 1995 during 
ERS-1 ice monitoring and geodetic missions. To fill 
this gap, the T/P data alone were used for this 
period. Although there is a little discrepancy 
between both data sets due to a different accuracy 
between the T/P tracks imposed by the mapping 
error (Ducet and Le Traon, 2000), we believe that it 
does not introduce a spurious variability on the 
investigated temporal and spatial scales. Moreover 
the discrepancy becomes even smaller after a spatial 
smoothing of the data. 

The SLA data are mapped on a 1/3° Mercator 
projection grid. There is one map every 7 days. All 
data have been corrected for instrumental errors, 
environmental perturbations (wet tropospheric, dry 
tropospheric and ionospheric effects), ocean wave 
influence (sea state bias), tide influence (GOT99 
tidal correction) and inverse barometer effect 
corrected with a variable mean pressure (Dorandeu 
and Le Traon, 1999). 

To couple the sea level variations with variations 
in atmospheric forcing the seasonal North Atlantic 
Oscillation (NAO) indices, based on the differences 
of normalized sea level pressure between Ponta 
Delgada, Azores and Stykkisholmur/Reykjavik, 
Iceland were examined (from J. Hurrell, 2003, 
http://www.cgd.ucar.edu/~jhurrell/nao.html). The 
sea level pressure anomalies at each station were 
normalized by division of each seasonal mean 
pressure by the long-term standard deviation. Since 
the NAO is most pronounced in winter when it 
accounts for more than one-third of the total 
variance in sea-level air pressure (Cayan, 1992), we 
considered only the winter (December through 
February - DJF) indices. 

3 Sea Level Anomaly Variance 
Decomposition 

As has been mentioned above, we consider the SLA 
time series ^(x,y,t) as a composition of inter-annual, 
annual and high frequency (mainly eddies) signals 
^(x,y,t)=i(x,y,t)+a(x,y,t)+e(x,y,t). 

The high resolution gridded data set used in this 
work is very sensitive to sea level variations caused 
by eddies in high variability regions such as the 
Gulf Stream and NAC. These variations may bias 
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the inter-annual signal if there are somewhat larger of anticyclonic and cyclonic eddies is different, 
eddies in one year compared to another or the ratio 



To reduce the error, a spatial median filtering of the 
SLA data over 5° by 5° squares has been applied. 
Then yearly averages have been estimated to 
visualize the inter-annual change of SLA from 1993 
to 2001 (fig. 2). One can see that this procedure has 
eliminated most of eddy-like and left only large- 
scale features in the yearly SLA maps. 

In fig. 2 it is possible to distinguish the difference 
between the SLA change in the subpolar and 
subtropical gyres. Lowest sea level in the subpolar 
gyre was observed in 1994. Then the sea level 
started to rise until it reached its maximum in 1997- 

1998 in the Iceland and Irminger Basins and in 

1999 in the Labrador Sea. The decrease of the sea 
unfiltered SLA data. To test whether the aliasing of 
the inter-annual signal by eddies is important, we 
have compared a yearly running mean of an SLA 



level within the subpolar gyre in 1999 and 2000 was 
followed by another rise in 2001. The subtropical 
gyre manifested minimum SLA in 1996 - 1997 and 
maximum in 1999 - 2000. Hence, fig. 2 confirms 
the existence of a dipole-like variability pattern 
(Esselbom and Eden, 2001). The first Empirical 
Orthogonal Function (EOF) of the yearly averaged 
and spatially filtered SLA data, which explains 48% 
of variance, also reveals this basin-scale dipole (not 
shown). When the sea level is high in the subpolar 
gyre, it is low in the subtropical gyre and vice versa. 

However, to achieve our main goal, i.e. to 
estimate contribution of the annual and inter-annual 
signals to the total variance, we need to deal with 
time series at one grid point in the NAC area 
(~42°W, 42°N) with a yearly running mean of the 
same time series but edited by removing several 



Fig. 2 Yearly averages of 5°x5° spatially filtered SLA (cm) 
from 1993 to 2(X)1. Bathymetry is shown every 1000 m. 
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spikes of extreme SLA values associated with 
eddies. There was no significant difference between 
the running means. Therefore, we believe that it is 
acceptable to estimate the inter-annual signal by 
applying a running mean with a window equal to 1 
year. After, it was subtracted from the initial SLA 
data to allow approximation of the annual cycle. It 
is important to extract the inter-annual change prior 
to estimation of the annual cycle in order to avoid 
an inevitable underestimation of the latter. 

The annual cycle has a determined harmonic 
shape with a frequency co of 1 cycle/year given by 
physical nature of the process. Lowest values of 
SLA are observed in spring whereas highest SLA 
values are typical for autumn. These variations are 
out of step with the atmospheric seasons because of 
the thermal inertia of the sea. The annual cycle was 
approximated by a sine function 
a(x,y,t)=A(x,y)*sin[2*7r*co*t+(p(x,y)]. The parameters 
of the function (amplitude A and phase cp) were 
evaluated using a least squares method minimizing 
the variance of the residual high frequency signals. 

After we have separated all the investigated 
modes of variability, we may fulfill one of our 
objectives - to compare the variance of total V and 
estimated annual/inter-annual/residual V" SLA time 
series, thus showing percentage of variance, 
explained by each of them (the determination 
coefficient - D=100*VW %). The determination 
coefficients were calculated separately for the 
annual a(x,y,t) and inter-annual i(x,y,t) signals (fig. 

3 A, B) to estimate the contribution of each in total 
variance and for the residual high frequency 
elements e(x,y,t) (fig. 3 C). 

The variance explained by the annual signal (fig. 

3A) constitutes over 1/3 of total variance outside 
dynamically active areas of the Gulf Stream, NAC, 

Azores Current and West Greenland Current. Along 
the subpolar front in the Iceland Basin the 
determination coefficient of the annual signal 
exceeds 50%, which is possibly an indication of 
local influence of seasonal displacements of the 
front on the annual cycle of sea level height. The 
annual signal is dominant in the eastern areas over 
and next to the continental shelves and slopes of 
Europe and Africa (determination coefficient > 

50%), where the inter-annual and high frequency 
eddy signals are small. 

Largest contribution of the inter-annual change is 
observed in the northern areas of the study region 
above 55°N, in particular in the Irminger Basin and 
Labrador Sea, and in the areas over the Mid- 
Atlantic Ridge (MAR), where the inter-annual 
signal explains 20-40% (fig. 3B). The proportion of 
the inter-annual variability in the western 




0 10 20 30 40 50 €0 70 

Fig. 3 The determination coefficient (%) of the annual (A), inter- 
annual (B) and residual high frequency (C) SLA signals. Bold 
continuous line = 50%, bold dashed line = 30%. Bathymetry 
(dotted lines) is shown every 1000 m. 

boundary current is small, often less than 10% of 
total variance. There are two visible maxima of the 
inter-annual signal determination coefficient: one in 
the Irminger Basin and Labrador Sea, which 
represents the subpolar cyclonic gyre, and another 
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elongated along the MAR within the subtropical 
anticyclonic gyre (fig. 3B). However, if a large 
contribution of the inter-annual sea level change in 
the former is primarily a result of heat advection 
(Esselbom and Eden, 2001, Volkov and van Aken, 
in press), the latter may be biased by presence of 
large long-living eddies, which is probably the case 
near the southwestern margin of the Rockall-Hatton 
Plateau - an obstacle on the pathway of the NAC. 

The determination coefficient shows that over the 
northern North Atlantic north of the NAC and 
largest part of the eastern North Atlantic east of the 
MAR, the SLA variability is mostly governed by 
the annual and inter-annual change. The total 
determination coefficient of annual and inter-annual 
signals in most of these areas exceeds 60%. In 
southern parts of the Irminger and Iceland Basins, 
over the Rockall-Hatton Plateau and in the east of 
the study region, the variance explained by these 
modes of variability even exceeds 70% (fig. 3). 
Along the areas greatly influences by the Gulf 
Stream, NAC and the Azores Current the annual 
and inter-annual variability is overpowered by high 
frequency change (mainly eddies) (fig. 3C). 

Fig. 4A represents amplitudes of the inter-annual 
sea level variations, computed as half the range 
A=0.5*[max{i(x,y,t)}-min{i(x,y,t)}] of the inter- 
annual SLA time series obtained by filtering the 
initial data with a 1 year running mean. The largest 
amplitudes are observed along the major currents, 
especially along the Gulf Stream and in the NAC at 
about 43 °W, 43 °N, where they exceed 15-20 cm. 
Along the Azores Current and the NAC 
northeastern drift, the amplitudes range from 5 to 10 
cm. In the northern part of the study region (55°N - 
65 °N) the amplitudes are mainly equal to 4 cm with 
three maxima (amplitudes > 5 cm) in the Labrador 
Sea, Irminger Basin and along the NAC branch 
flowing across the Iceland Basin. The relatively 
high amplitudes of the inter-annual signal in the 
Irminger Basin are probably a consequence of 
strong dependence of the sea level change here 
upon temporal restructuring of the NAC branches 
leading to a possible increase/decrease of advection 
of warm and saline water into this area (Bersch, 
1999). The inter-annual change of sea level in the 
Labrador Sea seems to be coherent with the change 
in the Irminger Basin and follows the latter with 
some delay (fig. 2). 

Amplitudes A(x,y) of the annual signal are 
presented in fig. 4B. The maximum amplitudes 
exceeding 10 cm are observed along the Gulf 
Stream. The NAC and southern part of the study 
region including the Azores Current have 
amplitudes of 5-10 cm. Other regions have 



amplitudes of order 3 - 5 cm. These values resemble 
those, estimated by Ferry et al (2000). A local 
maximum of the annual SLA amplitudes (over 5 cm) 
in the Iceland Basin is possibly associated with 
seasonal displacements of the subpolar front 
(Volkov and van Aken, in press). 






1 2 3 4 6 10 2Q 2& 

Fig. 4 Amplitudes (half the range) of the inter-annual (A) and 
annual (B) signals (cm). Bold continuous line = 5 cm, bold 
dashed line = 10 cm. Bathymetry is shown every 1000 m. 



The phase cp(x,y) of the annual cycle, which we 
represent as a day number of the annual maximum, 
shows that in the Labrador Sea, Irminger and 
Iceland Basins maximum takes place in the end of 
October - beginning of November, which is about 
one month later than in shelf areas, especially in the 
east (beginning of October) (fig. 5). The thermal 
inertia of the sea, advection and precipitation may 
be the factors responsible for the shift of the annual 
sea level maximum and minimum relatively to the 
annual peaks of heat influx. Hence, it is reasonable 
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to suggest that in these areas advection may play an 
important role. The phase of the annual signal in the 
areas of the Gulf Stream, NAC and the Azores 
Current is confused by eddies. 




Fig. 5 Phase (day number of annual maximum) of the annual 
signal; bold continuous line = 280, bold dashed line = 310. 
Bathymetry is shown every 1000 m. 



4 North Atlantic Oscillation (NAO) 

As has already been mentioned, the inter-annual 
changes in atmospheric circulation, and therefore 
atmospheric forcing of the ocean, may be expressed 
by the North Atlantic Oscillation (NAO) index. The 
NAO, being a large-scale alternation of the 
atmospheric pressure difference between the 
Icelandic Low and Azores High centers, is a 
dominant mode of the atmospheric processes over 
the North Atlantic. From time to time the NAO 
turns from its positive phase to negative and vice 
versa, defined by the change of the NAO index 
(Hurrell, 1995). The positive phase represents low 
pressure over Greenland, adjoining a region of high 
pressure to the south, thus causing strong mid- 
latitude westerly winds. The negative phase is 
characterized by reduced pressure gradient with 
weak westerlies (Hurrell, 1995). The NAO is 
particularly important during the winter period 
when it accounts for more than one-third of the total 
variance in sea-level pressure (Cay an, 1992). The 
winter season has the strongest inter-decadal 
variability, when the pressure pattern over the North 
Atlantic has a strong influence on the weather 
conditions over the vast areas of the Northern 
Hemisphere. 
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Fig. 6 The time series of the 5°x5° spatially filtered yearly SLA 
(cm) averaged over the northern 50°N - 65 °N (blue dotted line) 
and southern 30°N - 50°N (red dotted line) parts of the study 
region and winter (DJF) NAO indices (dashed black line with 
triangles). Periods when the NAO index changed from positive to 
negative are shaded in grey. 




Fig. 7 The correlation coefficient between the winter (DJF) NAO 
indices and 5°x5° spatially filtered yearly SLA values. 
Significance level is ± 0.6 (dashed lines). Bathymetry is shown 
every 1000 m. 



The time series of the 5°x5° spatially filtered 
yearly SLA averaged over northern 50°N - 65°N 
and southern 30°N - 50°N parts of the study region 
and winter (DJF) NAO indices are shown in fig. 6. 
One can see that the inter-annual variations of sea 
level in the northern and southern parts, 
representing the subpolar and subtropical gyres 
correspondingly, are in antiphase. The change of sea 
level in both areas appears to be influenced by the 
NAO. When the NAO index changed from positive 
to negative values in 1995 - 1996 and in 2000 - 
2001 the sea level started to increase in the subpolar 
gyre and to decrease in the subtropical gyre. 

To define a connection between the NAO and the 
sea level in the Northern Atlantic on the inter- 
annual time scales, we estimated the correlation 
coefficients for each grid point of the yearly SLA 
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data and NAO winter (DJF) indices. More frequent 
SLA time series contain the annual and higher 
frequency (e.g. eddies) signals, which are not driven 
by inter-annual changes of atmospheric forcing, but 
mainly by seasonal ocean - atmosphere heat flux 
variations and, in the case of eddies, by baroclinic 
instability. The result is presented in fig. 7. The 
95% significance level for 9 years of data is ±0.6 
(Dixon and Massey, 1969). The correlation 
coefficient distribution reveals the same dipole 
structure as the first EOF of the yearly SLA. In spite 
of short data length, we obtained significant 
negative correlation over largest part of the northern 
North Atlantic (>50°N). There is no significant 
correlation in the Labrador Sea because the sea 
level response to the atmospheric forcing occurs 
here with some delay compared to the neighboring 
Irminger Sea (fig. 2). In the south, below 50°N, the 
correlation is positive and in most areas closed to 
significant values. 

Thus, it seems possible that changes in the 
atmospheric forcing over the North Atlantic related 
to the NAO, indeed, effect the SLA on inter-annual 
time scale. It appears that the North Atlantic 
responds as a dipole system: during strong 
westerlies (positive NAO) with a sea level increase 
in the subtropical gyre and a decrease in the 
subpolar gyre and another way round during weak 
westerly winds (low or negative NAO). When the 
NAO turned from its positive to negative phase in 
1995/1996 and 2000/2001, the ocean responded 
with a sea level rise over the northern areas of the 
North Atlantic in the subpolar gyre and a decrease 
in the subtropical gyre. 

5 Summary 

In this paper we decomposed total variance of the 
SLA in the North Atlantic Ocean (5°W - 65°W, 
30°N - 65°N) in three basic modes: annual, inter- 
annual and high frequency (period less than 1 year) 
change. We considered two first modes and showed 
that in the northern areas within the subpolar gyre 
and in the east most of variance (>60%) is 
determined by the annual and inter-annual 
components. In the subtropical gyre in the 
dynamically active areas west of the MAR more 
than 50% of total variance is explained by the high 
frequency signals. The contribution of the inter- 
annual component is considerable in the areas 
elongated along the MAR (20-30%). The annual 
signal is responsible for 30-40% of variance in the 



subpolar gyre regions and over 50% in the eastern 
near-shelf areas. 

A comparison of the inter-annual SLA time series 
and winter (DJF) NAO indices indicated on a direct 
dependence of sea level on the atmospheric 
circulation pattern expressed by the NAO index in 
the subtropical gyre and an inverse dependence in 
the subpolar gyre. 
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Abstract. Tuna fishery is a major fishery in Taiwan, 
as in many other countries. Most of the tuna 
studies were based on the fish catch data, and their 
main subjects are related to the maximum 
sustainable yield of tuna. Both in managing the 
tuna fishery by the authorities (to maintain the size 
of standing stock), and in maximizing the catch per 
unit effort (CPUE) by fishing boats, one must know 
what are preferred oceanographic conditions to tuna. 
After analyzing tuna catch data from a few 
experimental fishing boats in the eastern tropical 
Pacific Ocean, we reached the following conclusion: 
(1) For predicting the fishing ground of tuna, using 
the mean distribution of sea surface temperature 
(SST) or ocean color is not better than making 
no-prediction, i.e. using the mean distribution of 
tuna catch. (2) CPUE of Big Eye tuna is higher in 
regions of SST in 26°C~28°C, surface Chlorophyll a 
concentration around 0.2 mg/m^, surface current 
speed above 0.15 m/s, or higher sea surface height 
(SSH). Because all the marine environmental 
parameters may change quickly with time or in 
space, satellite remote sensing data can provide the 
near real time observation for timely predictions of 
tuna fishing ground in the vast ocean. 

Keywords: satellite, remote sensing, tuna. Pacific 



1 Introduction 

Tuna is a fast swimming fish that migrates 
thousands of miles. In the case of western North 
Pacific, the size of landed tuna increases along 
Kuroshio, but the landed tuna east of Mindanao has 
bi-modal structure, the juvenile and the matured 
tuna. To close its cycle of migration or its life 



cycle, we may assume that the water near Mindanao 
may be the breeding ground of tuna that swims 
along Kuroshio for thousands of kilometers. 

Long migration path may be a common character 
of tuna in all oceans. But, few tuna were tracked 
for studying its life history. Most tuna studies 
were based on catch data that were reported to the 
fishery administrations. The catch data on 
juvenile tuna were not recorded by the commercial 
fishing boat because they are not marketable. 
From the catch statistics published by the Food and 
Agriculture Organization of United Nations, the 
eastern tropical Pacific (ETP) is a region of high 
tuna catch since 1962. In this region, there are 
five major ocean currents. South Equatorial Current, 
Equatorial Counter Current, North Equatorial 
Current, Equatorial Under Current, and the weak 
South Equatorial Counter Current. The 5°x5° 
averaged, annual mean catch statistics (Fig. 1) is 
likely an average over three current systems, and 
therefore can hardly provide any information on the 
correlation between the marine environment and the 
fish catch. 

If tuna has their preferred living environment, 
like all other animals, then the fish catch statistics 
should have some correlation with the marine 
environmental parameters, like surface temperature 
(SST), surface Chi. a concentration that is highly 
related to the primary productivity, ocean current, 
eddy, mixed layer depth, the thermocline depth, 
vertical temperature distribution, sea states, water 
clarity, etc.. For example, Taiwanese spear 
fishermen prefers high seas to catch tuna, instead of 
a sunny day with calm seas. For the far sea tuna 
fishermen, SST is still their primary factor in 
selecting fishing ground. 



International Association of Geodesy Symposia, Vol. 126 

C Hwang, CK Shum, JC Li (eds.). International Workshop on Satellite Altimetry 
© Springer- Verlag Berlin Heidelberg 2003 




Cho-Teng Liu et. al. 



2 Oceanographic and Fish Catch Data 

The water temperature data used in this study are 
the weekly mean SST from IGOSS (Integrated 
Global Ocean Services System), the temperature 
profile data are from NODC (National 
Oceanographic Data Center) for estimating the 



mean temperature drop from surface to 100 m and 
to 200 m depth, the tuna catch data are from (1) 
lATTC (Inter-America Tropical Tuna Commission) 
for the 5°x5° averaged, monthly mean catch 
statistics, and (2) experimental fishing boats that 
was sponsored by the Fishery Administration (FA) 
of ROC The satellite-derived Chi. a concentration 
is from SeaWiFS data bank of US NASA. 




iram of CPUE (log scale) vs. in situ SST from 
g boats. 
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Fig. 3 CPUE of Big Eye tuna vs. monthly mean temperature at 
surface, 100m and 200 m depth 



In most part of the world ocean, satellite-derived 
SST images of medium to coarse resolution are 
readily available on the internet. For high 
resolution satellite-derived SST, it is usually 
provided by local satellite ground station. Another 
useful satellite data is the image of ocean color or 
Chi. a concentration. 
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Fig. 4 CPUE of Big Eye tuna vs. monthly mean of 
satellite-derived Chi. a concentration. 



3 Analysis and Discussion 

A direct proof of the fishermen’s practice is to 
compare the CPUE of Big Eye tuna (BET) against 
the in situ SST that was reported by fishing boats of 
FA. Figure 2 shows that the CPUE is higher when 
SST is in the range of 26oC~28oC. How about the 
CPUE against the mean SST, or the mean water 
temperature at 100 m and 200 m depth where water 
temperature changes less than SST and where tuna 
spends more time during the day. 

Figure 3 is a plot of CPUE against the monthly 
mean water temperature at surface, 100 m and 200 
m depth. It is clear that the month mean water 
temperature does not show much correlation with 
the CPUE. This is to say that the monthly mean 
water temperature has little practical value in 
predicting the fishing ground of BET in ETP. 

The reason that figure 2 matches fishermen’s 
experience while figure 3 does not, may be 
explained by the fast changing marine 
environmental parameters in ETP, especially near 
the regions of equatorial upwelling and equatorial 
fronts between two current systems. To make 
useful prediction of fishing ground of tuna in ETP, 
one will need near real-time oceanographic data that 
are only available through satellite remote sensing. 




Fig. 5 Eddies and fishing ground: in April of 1999, longline 
fishing boats (white dots) operated near an eddy centered at (5°N, 
135°W) 
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4 Satellite-Derived Ocean Color 
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The application of SeaWiFS-derived ocean color 
images on fishery is well accepted. But in EPT 
where cloud coverage is high, SeaWiFS sensors can 
hardly see the sea surface and therefore provide few 
useful ocean color data. Figure 4 shows the CPUE 
of BET vs. monthly mean Chlorophyll a (Chi. a) 
concentration. It is apparent that the correlation is 
low. But, after comparing the CPUE and 
satellite-derived Chi. a at the same time and the 
same location of fishing boat, then we found that 
CPUE maximizes in regions of moderate 
productivity, or Chi. a near 0.2 mg/m^. 



5 Satellite-Derived Ocean Current 

In most cases, fishing boats tend to stay away from 
regions of strong current where deploying fishing 
gear has more risks. Figure 5 shows that the 
fishing boat (white dots near [5®N, 135°W] ) tends 
to work near the edge of eddy and their CPUE of 
BET is higher for current speed larger than 0.15 m/s 
(Fig. 6). Again, we did not find this positive 
correlation between CPUE and the mean current. 
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Fig. 6 CPUE of Big Eye tuna vs. the speed of current (cm/s) 



6 Satellite-Derived Sea Surface Height 
(SSH) 

The life cycle and the feeding behavior of tuna is 
still a mystery to us. This mystery is soon to be 
resolved by the application of Archival Tag. 



Figure 7 shows a typical vertical migration of BET 
in one day. At sunrise, BET dives (blue line in Fig. 
7) from surface layer to the dark and cold deep 
layer (red line in Fig. 7) to hide from predator or to 
search for food. BET dives to the deepest layer at 
noon when the sunlight is the highest. But, the 
deep water is too cold for BET to maintain its body 
temperature. It has to take many short trips to the 
upper layer to warm up its body (green line in Fig. 
7). The profile of underwater light level varies 
with solar luminance and water clarity, so the depth 
that BET hides and hunts also changes with space 
and time. For the case of Figure 7, if fish hooks 
were deployed between 0 ~ 80 meter depth, then 
BET will not see the hooks at night (no light) or 
during the day (this BET stays below 80 m). 
Because most fishhooks are deployed near sea 
surface (say, around 50-150 meters), the CPUE 
depends on the probability that BET will see these 
hooks. Therefore, the profile of water clarity and 
water temperature will influence CPUE of BET. 




TmM) 

Fig. 7 Vertical daily migration of a Big Eye tuna (source: 
Archive Tag of NMFS in Hawaii) 



Sea surface height (SSH) increases if the vertical 
integration specific volume is higher. Since water 
temperature is the major factor in determining SSH, 
SSH is higher if the vertical mean temperature is 
higher. In the plot of CPUE of BET vs. SSH, it is 
clear that CPUE (catch / 1000 hooks) of 
experimental fishing boats increases with SSH (Fig. 
8a). Because the number of deployed hooks is not 
correlated to the SSH (Fig. 8b), the resulted CPUE 
should be a non-biased statistic from a non-biased 
sampling (random sampling) in SSH. 
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A plausible explanation for the dependence of 
CPUE on SSH is the following: higher SSH is 
mostly due to thicker surface layer (like a warm 
eddy) where water is usually more clear, sunlight 
can penetrates deeper, and BET tends to dive to 
deeper (and colder) water to hide or to hunt, then 
BET loose body heat faster in colder water and it 
has to swim up more frequent, therefore BET has 
higher probability to see the hooks (above 150 m 
depth) and be caught. Therefore, CPUE increases 
with SST in this region. 
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Fig. 8b CPUE of Big Eye tuna (blue) and number of hooks 
deployed (red) vs. sea surface height (cm) 




To further exemplify the dependence of CPUE on 
SSH (Fig. 8) and the location of eddy (Fig. 5), daily 
catch of tuna by a fishing boat is plotted (Fig. 9) 



against the daily SSH anomaly (relative to 1000 m 
depth) that is provided by the Naval Research 
Laboratory as MOD AS 2.1. 

Fig. 9 shows daily MODAS SSH images that are 
overlaid with the daily tuna catch of an 
experimental fishing boat. The top panel shows 
the color scale of SSH (1.4 ~ 2.2 m) and red ellipses 
for total tuna catch of the day. The right panels 
show the total tuna catches vs. SSHs that were 
extracted from the left panels. From April 10 to 19, 
the boat stayed near the edge of an eddy of 
relatively high SSH, even when the eddy split into 
two and drifted apart. The total tuna catch stayed 
high until the eddy faded away on April 20. 

7 Conclusion 



From above analysis, it is clear that (1) sea surface 
temperature, ocean color, ocean current and sea 
surface height are all correlated to the CPUE of Big 
Eye tuna; (2) these marine environmental 
parameters are necessary conditions for the 
prediction of fishing ground of ETP tuna, but none 
of them is sufficient condition; therefore, one has to 
weight their contributions in making prediction of 
fishing ground; (3) The CPUE has little correlation 
with the long-term mean or large-area averaged 
oceanographic data; (4) satellite remote sensing can 
provide the near real-time observation of world 
ocean that is required for predicting a fast-change 
fishing ground. Because satellite data have been 
integrated into the fishing ground prediction by 
conunercial companies, one should be able to do the 
same if sufficient manpower and time were 
invested. 
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Fig. 9 Total daily catch of tuna is plotted against the sea surface height (SSH) (from MOD AS 2.1 by Naval Research Laboratory). Top 
panel: total catch of tuna on 2000/4/10 vs. SSH (in meters, with color scale on the right). Left panels: daily total tuna catch (red dot with 
scale in the top panel) vs. SSH. Right panels: daily total tuna catch vs. changing eddy fields. Total tuna catch is high when the boat is 
near the edge of an eddy of high SSH (green vs. blue-green background), and it is low when the boat is far from eddies. The size of the 
image covers about 570 km by 1920 km. The tuna catch data were provided by the Fishery Administration of ROC. 



Reference 

Baker, K. S., and R. C. Smith (1982). Bio-Optical Classification 
and Model of Nature Waters, Limnol Oceanogr, 27, pp. 
500-509. 

Digby, S., T. Antczak, R. Leben, G. Bom, S. Barth, R. Cheney, 
D. Foley, C. Goni, G. Jacobs and N. Shay (1999). Altimeter 
Data for Operational Use in the Marine Environment, 
lEEE/MTS Conference "Oceans '99", Seattle, Sept. 

Fu, L. L., and R. E. Cheney (1995). Application of Satellite 
Altimetry to Ocean Circulation Studies, 1987-1994, Rev 
Geophys, 33, pp. 212-223. 

Gordon, H. R., O. B. Brown, R. H. Evans, J. W. Brown, R. C. 
Smith, K. S. Baker and D. K. Clark (1988). A Semi-Analytic 
Radiance Model of Ocean Color, J Geophys Res, 93, pp. 
10909-10924. 

Ho, C. R., X. H. Yan and Q. Zheng (1995). Satellite Observation 
of Upper Layer Variabilities in the Western Pacific Warm 
Pool, Bull Am Meth Soc, 76, pp. 669-679. 



Long, B., and P. Chang (1990). Propagation of an Equatorial 
Kelvin wave in a Varying Thermocline, J Phys Oceanogr, 20, 
pp. 1826-1841. 

Robinson, I. S. (1983). Satellite Observations of Ocean Colour, 
Phil. Trans. Roy. Soc. London, A309, pp. 415-432. 

Wyrtki, K. (1987). Indices of Equatorial Currents in the Central 
Pacific, Trop Ocean- Atmos Newsletter, 58, pp. 3-5. 

Wyrtki, K., E. Firing, D. Halpem, R. Knox, G. J. McNally, W. C. 
Patzer, E. D. Stroup, B. A. Taft and R. Williams (1981). The 
Hawaii to Tahiti Shuttle Experiment, Science, 211, pp. 22-28. 
Yan, X. H., Y. He, T. Liu, Q. Zheng and C. R. Ho (1997). 
Centroid Motion of the Western Pacific Warm Pool in the 
Three Recent El Nino — Southern Oscillation Events, J Phys 
Oceanogr, 27, pp. 837-845. 

Yan, X. H., C. R. Ho, Q. Zheng and V. Klemas (1992). 
Temperature and Size Variabilities of the Western Pacific 
Warm Pool, Science, 258, pp. 1643-1645. 



181 





Cho-Teng Liu et. al. 

Zheng, Q., X. H. Yan, C. R. Ho and C. K. Tai (1995). 

Observation of Equatorially Trapped Waves in the Pacific 
Using Geosat Altimeter Data, Deep-Sea Res, 42, pp. 797-817. 



182 




The Kinematics of Mesoscaie Eddies from 
TOPEX/Poseidon Aitimetry over the Subtropicai 
Counter Current 

Cheinway Hwang and Ricky Kao 

Department of Civil Engineering, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu, Taiwan 
hwang @ geodesy.cv.nctu.edu.tw 

Chau-Ron Wu 

Department of Earth Sciences, National Taiwan Normal University, Taipei, Taiwan, 
cwu @ cc. ntnu.edu. tw 



Abstract. TOPEX/POSEIDON altimetry data were 
used to track mesoscaie eddies over the Subtropical 
Counter Current (STCC). The radii, centers, 
vorticities, shearing deformation rates, stretching 
deformation rates, divergences and center velocities 
of all identified eddies over STCC were determined 
using a model that assumes constant velocity 
gradients. A case study was made for a cyclonic 
eddy and an anticyclonic eddy, with time series of 
eddy kinematic parameters computed. Both eddies 
survive for about 220 days and propagate 
westwards along over 22°N-24°N to reach the 
Kuroshio Current east coast of Taiwan. Sea surface 
temperature data confirm the existence of these two 
eddies. The radii of both eddies vary and their 
shapes are mostly elliptical during propagation. The 
anticyclonic eddy propagated almost westwards 
with oscillating north-south components, and the 
mean speed is 8.3 km/day. The cyclonic eddy 
moved southwestwards before reaching 130°E and 
then moved northwestwards, with a mean speed of 
7.6 km/day. The propagations of these two eddies 
are basically consistent with the standard theory of 
eddy propagation but with larger speeds and 
varying propagating directions. 

Keywords. Subtropical Counter Current, 
TOPEX/Poseidon, mesoscaie eddy, westward 
propagation 



1 Introduction 

In the western Pacific the Subtropical Counter 
Current (STCC) generates a productive eddy field 
due largely to baroclinic instability (Qiu, 1999; 
Stammer, 1998). The resulting mesoscaie eddies 
propagate westwards (e.g., Cushman-Roisin et al., 
1990), mostly reaching the continental shelf of the 



western Pacific, especially east of Taiwan. Before 
dissipating, these eddies interact with the Kuroshio 
Current, thereby modulating its volume transport 
and path (Yang, 1999; Zhang et al., 2001; Johns et 
al., 2001; Yang et al., 2001). While the kinetic 
energy of eddies and sea surface variability in the 
subtropical western Pacific have been investigated 
extensively with altimetry by, e.g., Qiu (1996), Qiu 
(1999), Kobashi and Kawamura (2001) and Qiu 
(2002), the propagations and evolutions of eddies in 
this region have not been studied in detail. The 
activity of eddies in STCC has a significant 
consequence on the dynamics of the Kuroshio 
upstream, and there is tremendous interest in 
understanding the interaction between eddy and the 
Kuroshio. A case study of eddy-Kuroshio 
interaction near Japan has been made by Takuii et al. 
(2002). 

This paper will focus on identifying eddies and 
deriving the kinematic properties of eddies using 
TOPEX/Poseidon (T/P) altimeter data in STCC. 
The existence of T/P-derived eddies will be verified 
satellite-derived temperature. Methods to identify 
eddies from satellite data have been documented in 
many publications, e.g., Crawford and Whitney 
(1999), Meyers and Basu (1999), Andrade and 
Barton (2000), and Okkonen (2001). A complete 
review of eddy hydrodynamical modeling is given 
by Carton (2001). Models for describing the 
kinematics of eddies can be found in, e.g., Okubo 
and Ebbesmeyer (1976), Kirwan et al. (1984), and 
Hwang and Chen (2000). The T/P data used in this 
paper are from AVISO (1996) and the algorithm of 
T/P processing is largely based on Hwang and Chen 
(2000), so it will not be repeated here. 

2 Dynamic Height and Geostrophic 
Velocity from TOPEX/Poseidon 
Altimetry 
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In order to track eddies in STCC, we first computed 
relative dynamic heights from T/P sea surface 
height (SSH) data. Because the steric anomaly in 
the open oceans consists of mainly long wavelength 
components and because we intend to identify only 
mesoscale eddies, sea level anomaly (SLA), defined 
as the difference between instantaneous SSH 
(without ocean tide effect) and a mean SSH, can be 
regarded as relative dynamic height; see also the 
discussion in Wunsch and Stammer (1998). 
Considering only the balance between pressure 
gradient and Coriolis force, the geostrophic velocity 
components can be derived from the gradients of 
dynamic heights as: 



(1) 

/ dy / Rd4i 

( 2 ) 

f dx f Rcos^A 

where u, v are west-east and north-south 
components of velocities, ^ is relative dynamic 

height, g is gravity (« 9.8 msec '^ ), (j),X are 
latitude and longitude, f= 2Qsin^ with 

Q«7.292115x 10“^5^“^ , and /? is mean earth 
radius (« 6371km ). 

In using (1) and (2) for deriving eddy velocities, 
the effects of centrifugal force and frictions are 
neglected, and this is valid for a vortex of large size 
(radius more than 100 km) (cf: Cushman-Roisin, 
1994). Using (1) and (2) we have computed the 
geostrophic velocity fields over STCC at each T/P 
cycle up to early 2002. In the computations the two 
gradient components of dynamic height needed in 
(1) and (2) were obtained by first fitting a 
second-degree polynomial to the dynamic height 
grid, and then evaluating the differentiations using 
the derivatives of the polynomials. The dynamic 
height grids were constructed using the minimum 
curvature module in the GMT package (Wessel and 
Smith, 1995). To reduce data noise and aliasing 
effect caused by the uneven along-track and 
cross-track data spacings, we applied a Gaussian 
filter with a full window width of 300 km (see 
Wessel and Smith (1995) for these definitions) to 
dynamic heights on the grids. 

3 Method for Determination of Eddy 
Kinematic Properties 

We used the contours of dynamic heights and the 



geostrophic velocity fields to identify eddies in 
STCC, as was done in Hwang and Chen (2000); 
other relevant techniques of eddy identification can 
be found in, e.g., Griindlingh (1995), Siegel et al. 
(1999), Crawford and Whitney (1999). Methods for 
automatic extraction of features like eddies are, e.g., 
wavelet decomposition and gradient analysis 
(Forstner, 2000). However, it will be difficult even 
if possible to use automatic methods to identify 
eddies in STCC due to the complex ocean-land 
boundaries here. We adopted the 5-cm contour line 
in dynamic height as the edge of an eddy, and then 
estimated the coordinates of its center and radius. 
The type of eddy (cyclonic or anticyclonic) is 
determined by visual inspection of the rotation 
directions. The acceptance of this eddy, as well as 
the determination of the eddy’s kinematic properties, 
will be made in the least-squares methods described 
below. 

To see how an eddy evolves in STCC, we modify 
the approach of Sanderson (1995) to compute its 
center velocity, vorticity and deformation rates. 
First, in a local Cartesian x, y coordinate system, 
the gradients of geostrophic velocity components 
are 



du du dv dv 

Sn --^^§22 0) 
ox oy ox oy 



Within a 10-day period, it is assumed that 
<?ii ’ <?12 ’ <? 2 i ’ <?22 constants with respect 

to location and time. Using these gradients, we cane 
determine vorticity, shearing deformation rate, 
stretching deformation rate, and finally the 
divergence as 

^ = <?21 “ S \2 ’ Y \ - <?21 + S \2 

72 =<?11 -<?22^?^ = <?11 +<?22 (4) 

The vorticity defined in (4) is twice the angular 
velocity. By definition, in the northern hemisphere 
the vorticity is positive for a cyclonic (cold-cored, 
or low-pressure) eddy, and is negative for an 
anticyclonic (warm-cored, or high-pressure) eddy. 
Regarding an eddy as a single point, the definitions 
of shearing and stretching deformation rates are the 
same as those defined in geophysical literature 
dealing with surface deformation; see Rikitake 
(1976) and Lambeck (1988). Also, the total 

deformation rate of an eddy is y = -\-yl 

(Carton, 2001, p. 220). 

A positive/negative stretching deformation rate 
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indicates extension/compression in the west-east 
direction and compression/extension in the 
south-north direction. In the case of a positive 
stretching deformation rate, a circular eddy 
becomes an ellipse with the semi-major axis lying 
in the west-east direction. Furthermore, a 
positive/negative shearing deformation rate 
indicates extension/compression in the 
northeast-southwest direction and 

compression/extension in the northwest-southeast 
direction. Similarly, if shearing deformation rate is 
positive, then a circular eddy becomes elliptical 
with the semi-major axis lying in the 
northeast-southwest direction. 

The velocity of a particle i at any location within 
an eddy is expressed as the sum of the instantaneous 
center velocity and the incremental velocity due to 
velocity gradient, that is. 



where vector Pq contains the approximate values 
and vector Ap contains the corrections. 

Expanding (5) and (6) into Taylor series and 
retaining only the first-order terms, we obtain in a 
matrix representation 

V = AAy^-L (8) 

where V is a vector containing and , A is 
the design matrix, and L is a vector containing 
w . , V- . Specifically, the elements in V, A, and L are 

V = ^ (9) 
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components, are coordinates of 

particle, Xq , are coordinates of eddy center and^ 

is number of data points. The kinematic parameters 
of an eddy to be estimated 
are gii,^j 2 ,g 2 i>g 22 .-ro^>' 0 ’“e-andv,. In 
comparison to the model of Hwang and Chen 
(2000), the model in (5) and (6) takes into account 
the instantaneous velocity of eddy center, which 
must be considered in view of the westward 
propagation of an eddy, see also Cushman-Roisin et 
al. (1990). The instantaneous velocity is relative to 
the surrounding water of the eddy. In the practical 
computations, a preliminary radius of a given eddy 
is estimated from the dynamic height field. The 
velocity components in (5) and (6) are sampled on 
a 0.25° X 0.25° grid within the eddy, which is defined 
to be a circle of the preliminary radius. We use the 
least-squares method to solve for the kinematic 
parameters. Because (5) and (6) are nonlinear with 
respect to the kinematic parameters, it is 
necessary to use iterations in the least-squares 
estimation. Let vector 

p = kii 8 i 2 821 822 ^0 3^0 v,.ycon 

tain the kinematic parameters and 

p = Po+Ap (7) 



T [ 0 0 0 o] ^ 

L = [«!-«! Vi-Vi ••• V„-V„J 

( 11 ) 

where^n,g? 2 >^ 2 i.^ 22 > 4 .>' 0 ’“^andv° are the 
approximate values of the kinematic parameters, 
uf,andv^ are the computed velocities obtained 
by substituting the approximate values into (5) and 
(6); see, e.g., also Hwang and Chen (2000) for the 
detail of computing Pq . The instantaneous velocity 
u^,v^ are taken to be zero initially. Solution was 
of p is done by least-squares with iteration (Hwang 
and Chen, 2000). It was found that we may reach 
I « 10“^ after about three iterations, where 
Ap^ and P^ are the elements of vectors Ap and p , 
respectively. 

4 Tracking an Anticyclonic Eddy 

Figure 1 displays successive motions of a 
warm-cored eddy at a 10-day interval using the 
contours of dynamic height. For convenience this 
eddy is named Eddy 155-177 (because it is 
identified using T/P data from cycles 155 to 177). 
On about October 29, 1996, the periphery of Eddy 
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155-177 was visible near 140°E. It then moved 
westwards to be completely inside STCC on about 
November 18, 1996. While propagating, the shape 
and size of Eddy 155-177 vary and it is mostly not 
circular. From December 17, 1996 on, Eddy 
155-177 was free from the influence of other water 
mass, and its shape became nearly circular. On 
April 25, 1997, Eddy 155-177 met another 
anticyclonic eddy and its speed became nearly zero. 
On June 4, 1997, Eddy 155-177 merged with 
another eddy to form a new eddy; this new eddy 
disappeared all together later. The averaged 
propagating speed is 8.3 km day \ In total, Eddy 
155-177 travels a distance of 1814 km in 218 days 
in STCC. 



ms 120 :S£ 1» 135 140115 120 125 130 13S 140115 120 125 130 135 140 




Fig. 1 Contours of dynamic height associated with Eddy 155-177 
at a 10-day interval from October 29, 1996 to July 14, 1997. 
Dotted lines show T/P tracks. 



To verify Eddy 155-177, we obtained sea surface 
temperature anomaly (SSTA) from Integrated 
Global Ocean Services System (IGOSS) at the 
world wide web site 

http://ingrid.ldeo.columbia.edU/SOURCES/.IGOSS/ 
.nmc/.Reyn_SmithOIvl/.weekly.The SSTA data at 
IGOSS are on a l°xl° grid and are a combination of 
in-situ measurements and temperatures derived 
from the Advanced Very High Resolution 
Radiometer (AVHRR) of the National Oceanic and 
Atmospheric Administration (NOAA). The SSTA 
grids were constructed from scattering temperature 
data by an optimal interpolating scheme; see also 
Reynolds and Smith (1994). Figure 2 shows a 
sequence of SSTA images and contours at a 7-day 
interval from November 27, 1996 to January 22, 
1997, overlapping 63 days with T/P dynamic 
heights in Figure 1. The SSTA in Figure 1 show 



moving local highs at about the same locations of 
Eddy 155-177. The temperature near the eddy 
center is about 0.5 °C higher than the temperature of 
the surrounding water. If we regard the zero-contour 
in Figure 2 as the edge of Eddy 155-177, then the 
estimated radii are about 200-300 km, similar to 
those shown in Figure 1. Both the dynamic heights 
in Figure 1 and the SSTA in Figure 2 show that the 
center of Eddy 155-177 was located at about 
latitude = 23 ° N and longitude = 137.5 °E on 
November 27, 1996, and the center moved to 
latitude = 23 ° N and longitude = 133.5 ° E on 
January 22, 1997. This leads to an averaged 
propagating speed of about 7 km day'^ for Eddy 
155-177. This estimate is slightly smaller than 8.3 
km day'^ from dynamic height, and the difference 
may have been due to use of different time spans. 
Furthermore, Figure 2 shows a band of temperature 
high along the path of the Kuroshio east of Taiwan. 
Here the temperature is about 0.5-1 °C higher than 
the surrounding water. 




Fig. 2 Sea surface temperature anomalies at a 7-day interval 
from November 27, 1996 to January 22, 1997, corresponding to 
Eddy 155-177. 



Table 1. Mean values and variabilities of kinematic parameters 
for Eddy 155-177 and Eddy 244-268 



Parameters 


Eddy 

155-177 


Eddy 244-268 


Cent. vel. (km day'b 


3.795/1.845 


3.181/2.519 


Vor. (prad s'b 


-2.098/0.633 


1.513/0.539 


Shear (prad s'b 


-0.021/0.314 


0.053/0.570 


Stretch (prad s'b 


-0.174/0.367 


-0.222/0.376 


Diver, (prad s'b 


0.015/0.046 


0.001/0.061 


Radius (km) 


273/42 


240/49 


Latitude (°N) 


22.629/0.200 


23.074/0.766 
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Figure 3 shows the radii, the center coordinates 
and propagating velocities of Eddy 155-177 at a 
10-day interval; the mean values and variabilities of 
the kinematic parameters for Eddy 155-177 are 
given in Table 1. From Figure 3 and Table 1, Eddy 
155-177 propagated westwards in a narrow zonal 
band centering at 22.629 °N. The averaged radius of 
Eddy 155-177 is 273 km. Eddy 155-177 moved 
southwestwards from cycle 155 to 177, from cycle 
163 to 166 and from cycle 170-174 and at other 
times Eddy 155-177 traveled almost zonally. 
Basically the propagation of this anticyclonic eddy 
is consistent with what the theory predicts: an 
anticyclonic eddy propagates southwestwards 
(Cushman-Roisin, 1994). 




Fig. 3 Radii (top), center coordinates (middle) and propagating 
velocities (bottom) of Eddy 155-177. 







Fig. 4 Time series of vorticity (circle), shearing deformation rate 
(triangle), stretching deformation rate (inverted triangle), 
divergence (cross), standard errors of vorticity and deformation 
(square) of Eddy 155-177. Days are counted from Oct 29, 1996. 
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Fig. 5 Contours of dynamic height associated with Eddy 
244-268 at a 10-day interval from March 20, 1999 to January 2, 
2000. Dotted lines show T/P tracks. 

Figure 4 shows time series of vorticity, shearing 
deformation rate, stretching deformation rate, and 
divergence of Eddy 155-177. The vorticity remains 
relatively steady during the propagation and it 
dropped as Eddy 155-177 approached the east coast 
of Taiwan. Its divergence is nearly zero and was 
quite steady during the entire lifetime, indicating 
little loss of eddy fluid during the propagation. The 
shearing and stretching deformation rates oscillate 
around zero and both have about the same 
magnitudes. 

5 Tracking a Cyclonic Eddy 

Figure 5 shows the contours of dynamic height 
associated a cyclonic eddy, named Eddy 244-268, at 
a 10-day interval from March 20, 1999 to January 2, 
2000. The first sign of this cold-cored eddy 
occurred on March 30, 1999 and its radius was 
small. This eddy became full-fledged 90 days later 
(on May 9, 1999), and then it began to move 
southwestwards. Like the warm-cored eddy in the 
previous section, the shape and course vary while 
Eddy 244-268 is in motion. The shapes become 
particularly irregular when Eddy 244-268 reaches 
the Kuroshio east of Taiwan. This cyclonic eddy 
has an average propagating speed of 7.6 km day'^ 
and travels a distance of 1816 km in 238 days. 
Again Eddy 244-268 is verified by temperature 
data. 

Figure 6 shows radii, center coordinates and 
propagating velocities of Eddy 244-268. Figure 7 
show the time series of the estimated kinematic 
parameters and standard errors of Eddy 244-268. 
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Again, a significance test (Koch, 1987) using the 
estimated parameters and standard errors shows that 
all the estimated parameters are significant (or 
non-zero). Figures 6 and 7 are to be compared with 
Figures 3 and 4. At the early stage, Eddy 244-268 
has a southward component of velocity. We also 
computed the mean values and variabilities of 
kinematic parameters for Eddy 244-268, which are 
given in Table 1. Compared to Eddy 155-177, Eddy 
244-268 has a slightly smaller instantaneous 
velocity. The vorticity of the cyclonic eddy is 
also smaller than that of the anticyclonic eddy. 
From the variabilities of latitude, the propagation of 
the cyclonic eddy follows a broader zonal band than 
that of the anticyclonic eddy. This broader zonal 
band is clearly seen in Figure 6, which shows that 
Eddy 244-268 emerged at latitude near 24 °N, 
moved southwards to 22°N and then moved back to 
23 °N. Also, Eddy 244-268 has larger shearing 
deformation rate and stretching deformation rate 
than those of Eddy 155-177, indicating that the 
flattening of Eddy 244-268 is larger than that of 
Eddy 155-177. The averaged radius of the Eddy 
244-268 is smaller than that of Eddy 155-177, but 
the variabilities of the radii of the two eddies are 
almost the same. Interestingly, the divergence of the 
cyclonic eddy is an order of magnitude smaller than 
that of the anticyclonic eddy although both of them 
are nearly zero. This means that Eddy 244-268 lost 
less fluid than Eddy 155-177 during the propagation. 
Both eddies have larger vorticities when they 
reached east of Taiwan. 

The origins of Eddies 155-177 and 244-268 are 
possibly due to baroclinic instability. This is shown 
in Qiu (1999) and Kobashi and Kawamura (2002). 
Theoretical studies of baroclinic instability 
associated with eddies can be found in, e.g., 
Cushman-Roisin (1994), and Olascoaga and Ripa 
(1999). Cushman-Roisin (1994, p. 227) shows 
that, in a stratified system, lateral displacements in 
the geostrophic flow cause vertical stretching and 
squeezing, which generate a cyclonic vortex or an 
anticyclonic vortex, or both. Such a vortex will then 
evolve away from the initial state. In the STCC area, 
a vortex originating from baroclinic instability will 
move westwards, as demonstrated by the theory of 
Nof (1983) and the T/P observations in this paper. 

6 Discussions 

The propagation mechanism of mesoscale eddies 
has been discussed in, e.g., Nof (1983), 
Cushman-Roisin et al. (1990), and Cushman-Roisin 
(1994). As demonstrated in Cushman-Roisin (1994, 



p.256), the migration of a mesoscale eddy is 
primarily induced by the varying thickness of the 
layer surrounding the eddy. This primary effect 
introduces a westward motion of eddy for cyclonic 
and anticyclonic eddies in the northern hemisphere. 
In general, the motion of both Eddy 155-177 and 
Eddy 244-268 are consistent with such a predicted 
motion, since in most cases they move westwards. 




Fig. 6 Radii (top), center coordinates (middle) and propagating 
velocities (bottom) of Eddy 244-268. 




Fig. 7 Time series of vorticity (circle), shearing deformation 
(triangle), stretching deformation (inverted triangle), divergence 
(cross), standard errors of vorticity and deformation (square) of 
Eddy 244-268. Days are counted from March 20, 1999. 

Moreover, the warm Eddy 155-177 retreated and 
migrated northwards when reaching 123°E near a 
steep bottom slope. This phenomenon has been 
confirmed by numerical experiments. Based on a 
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primitive equation model, Itoh and Sugimoto (2001) 
show that warm-core rings that initially have 
baroclinic velocity would move northward while 
approaching a steep bottom topography of a western 
boundary. Interestingly, cold Eddy 244-268 also 
contains northward velocity component when 
reaching 123°E, but its northward component is not 
as evident as Eddy 155-177. 

Another interesting feature of Eddy 244-268 is 
that it moves southwards dramatically at around 130 
°E (Figure 6), where Eddy 244-268 interacted with 
a newly formed eddy to the south (Figure 5). 
Merging and mutual advection between Eddy 
244-268 and the new eddy resulted in a southward 
motion. This merging process also supplied these 
eddies with energy and vorticity (Yasuda, 1995). 
Eddy 244-268 gradually moves northwards after 
merging. Cushman-Roisin (1994) predicts that a 
secondly drift originating from the advection of 
surrounding fluid of an eddy will introduce a 
northward motion for a cyclonic eddy. Therefore, in 
theory a cyclonic eddy will move westwards or 
northwestwards. The northwestward motion of cold 
Eddy 244-268 again is consistent with the theory of 
Cushman-Roisin (1994). 

On the other hand, the observed propagating 
speeds of the two eddies are larger than the 
predicted speeds. Such a difference between 
observation and theory is also found in the 
propagations of eddies near Hawaii (Holland and 
Mitchum, 2001). Many factors contribute to the 
difference between theory and observation, e.g., 
interaction of eddies, bottom topography, the effect 
of mean flow, and long wave propagation. The 
averaged propagating velocity of 8 km day'^ is quite 
consistent with the observed velocities of Rossby 
wave in, e.g., Chelton and Schlax (1996), Dewar 
(1998) and Cipollini et al. (2000). Furthermore, Liu 
et al. (2001) has presented a detailed analysis of 
Rossby waves in STCC and pointed out a 90-day 
oscillation in sea surface height associated with 
long Rossby wave with wavelengths ranging from 
450 to 840 km. That is, Rossby wave occurs about 
every 90 days and it should have a great 
consequence on eddies in STCC. Therefore, it is 
hypothesized that the two eddies under study may 
happen to “take a ride” on the concurring Rossby 
waves and the propagating velocities in Figure 6 are 
actually the velocities of Rossby waves. Future 
work should explore this hypothesis by numerical 
modeling. 

Eddies 155-177 and 244-268 have deformation 
rates that are non zero in most cases, indicating that 
their shapes are largely not circular during the 



propagations and evolutions. The degree of 
deformation is proportional to the magnitude of 
deformation rate. The shearing and stretching 
deformation rates oscillate around zero. Based on 
the interpretation of deformation rates, the change 
of sign indicates that the major axes of the two 
eddies rotate during propagation. The shearing 
deformation rate of Eddy 244-268 oscillates rapidly, 
suggesting its shape also changes rapidly. Eddy 
244-268’s stretching deformation rate goes slowly 
from negative to zero and change the sign back to 
negative. When the deformation rate is nearly zero, 
the shape of an eddy then approaches circle. There 
is a tendency that the deformation will approach 
zero. Such a tendency brings the shape from ellipse 
to circle and is called axis-symmetrization (Carton, 
2001). Due to the influence of the ambient fluid a 
circular eddy will be deformed and its shape 
becomes elliptical again. This process is repeated 
and that’s why we see the deformation rates 
oscillate around zero. 

7 Conclusions 

This paper presents a method for determining the 
kinematic properties of mesoscale eddies based on 
the principle of constant velocity gradients and 
instantaneous center velocity. In such a model, the 
deformation rates are determined and can be used to 
see the shape evolution of an eddy during its 
lifetime. An anticyclonic and a cyclonic eddy are 
studied using this method and their existences are 
verified by temperature data and drifter data. This is 
the first time an anticyclonic and a cyclonic eddy 
are completely tracked during their lifetimes in 
STCC. The two eddies propagate westwards with 
an averaged speed of about 8 km day'^ and their 
shapes are not circular in most cases. The 
north-south directions of propagations of the two 
eddies do not follow exactly what the theories of 
Nof (1983) and Cushman-Roisin et al. (1990) have 
predicted, and the propagation speeds are larger 
than the theoretical speeds. It is very likely that the 
two eddies propagate with Rossby waves, which 
themselves also have speeds larger than what 
theories have predicted, see, e.g., Chelton and 
Schlax (1996) and Dewar (1998). The estimated 
kinematic parameters can be used to verify results 
in an eddy-resolving model of ocean circulation. 
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Abstract. This paper discusses a new technique for 
ocean remote sensing based on detecting GNSS 
signals, i.e. those transmitted from the Global 
Positioning System (GPS) or GALILEO (in the 
future), after they are reflected off the ocean surface, 
to measure sea surface topography and roughness 
(from which wind speeds are retrieved) at high 
spatial resolution and rapid temporal coverage. The 
topography measurement is suitable for the global 
monitoring of ocean eddies, which is currently 
precluded by the existing altimeters, due to their 
track separation and repeat cycle. The basic 
description of the technique is provided and the 
connection between the engineering measurement 
and the ocean descriptors (altimetry and winds) is 
outlined. A discussion of measurement accuracy 
and resolution is provided, and the concept of 
combining many independent measurements to 
provide an “average” over a given cell size and time 
interval, as opposed to repeat measurements, is 
outlined. To address the issue of systems needs for 
global coverage, an estimate of the scaling of 
accuracy with the number of available receivers of a 
hypothetical remote sensing system is given, 
showing that a constellation of 6 receivers with 
reflection antenna gain of 30 dB would be adequate 
for eddy resolution and monitoring. Furthermore, 
the latest experimental results demonstrating a 
measurement precision of 5 cm in a few minutes 
from airplane flying over rough ocean and 2 cm/sec 
from fixed-site over a lake are summarized, 
together with the basic features of a data 
acquisition/processing system developed for 
investigating the measurement phenomenology. 
Lastly, the requirements on the GPS receiver 
technology necessary to track and process 
reflections on board, and those of the antenna 
system necessary to capture all available reflections, 
are discussed. 



Keywords. High-resolution sea surface topography, 
eddy monitoring, GPS-based altimetry and 
scatterometry, bistatic scattering from rough 
surfaces. 



1 Introduction 

The Oceans, and their interactions with the 
atmosphere and the lithosphere, play a significant 
role in Earth’s climate. Understanding climate 
variability is very important to insure the well being 
of our planet; this implies quantifying all the 
significant processes that contribute to climate and 
its changes. One such process, mesoscale ocean 
eddies, analogous to atmospheric storms, is thought 
to play a very significant role which is presently 
difficult to quantify. In fact, eddies play an 
important role in the transport of momentum, heat, 
salt, nutrients, and other chemical properties of the 
ocean. Ocean eddies have a typical spatial scale on 
the order of 10 to 100 km and a temporal scale from 
days to weeks. The sea level signal associated with 
mesoscale eddies is usually 10 cm or more. 

At present, quantifying the role of mesoscale 
eddies in the ocean circulation and therefore climate 
variability cannot be done simply because their 
spatio-temporal structures are not resolved by the 
conventional remote-sensing techniques. 
Observations of sea surface temperature, (e.g., those 
from Advanced Very High Resolution Radiometers) 
are frequently contaminated by clouds in the 
atmosphere. The conventional satellite radar 
altimeter measures the sea surface height at high 
spatial resolutions along its ground track (e.g., 7-km 
for TOPEX/Jason). However, the cross-track 
distance is usually quite large. For a 10-day repeat 
orbit with TOPEX/Jason, the cross-track distance is 
more than 300-km at the equator, which is too 
coarse to resolve the evolution of ocean eddies. 

Another limiting factor is the long repeat cycle of 
a given satellite, e.g., 10 days for TOPEX/Jason, 17 
days for the Geosat-Follow-On (GEO), and 35 days 
for ERS. Because of the long repeat cycle, some 
fast propagating ocean waves cannot be properly 
resolved by satellite altimetric observations. 
Additionally, some barotropic (i.e., vertically 
uniform) waves with a periodicity of 20 days or less 
can be aliased into the 10-day sea level map 
produced by the TOPEX/Jason data. Hence, there is 
a need for high spatial and temporal resolution 
altimetry. 
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High-resolution ocean altimetric measurements 
will allow oceanographers to compute high-order 
quantities like vorticity and eddy fluxes, which will 
be used to study the interactions between the eddy 
fields and the time-mean flow. Several important 
science questions can be addressed by such a high- 
resolution data. For example, what is the role of 
mesoscale (ocean) eddies in the large-scale ocean 
circulation and climate variability? What is the 
impact of mesoscale eddies on the biological 
production and therefore the global carbon cycle? 
If mesoscale eddies are important in modulating the 
large-scale ocean circulation and climate, there is a 
need to resolve (or parameterize) ocean eddies in 
the Earth System Model (coupled atmosphere- 
ocean-land) for climate prediction purposes. 

2 Novel Technique: Altimetry and Wind 
Measurement with GPS 

The Global Positioning System (GPS), which was 
first conceived and built for the purpose of 
navigation, has been utilized in the last decade to 
study the Earth’s interior, surface and environment 
in ways that far exceed anyone’s original 
expectation. Scientific applications of the GPS 
include measuring seismic tectonic motions. Earth 
orientation and polar motion, gravimetry, neutral 
atmospheric temperature and water vapor profiling, 
and ionospheric electron density profiling and 
global monitoring (see for example, Beutler et al, 
eds., 1996). All of these applications have been 
well proven and provide new ways to enhance our 
knowledge about the Earth and its environment. 
The advantage of GPS is twofold: the transmitted 
signal is always globally present and the receiver 
technology is inexpensive, compared to alternative 
remote sensing systems. 

Recent research efforts have begun using GPS 
signals scattered off the ocean and sensed by an air- 
or space-borne receiver in a bistatic radar geometry, 
as a means of doing altimetry and scatterometry. A 
concept for GPS-based altimetry was first proposed 
by Martin-Neira, (1993) and contains a high-level 
overall system description. Since then, several 
additional theoretical work modeling the expected 
signal waveform and accuracy have appeared 
(Picardi et al, 1998; Zavorotny and Voronovich, 
2000; Fung et al, 2001). An air-borne delay- 
mapping GPS receiver was developed (Garrison 
and Katzberg, 1998; Garrison and Katzberg, 2000) 
and used in several experiments that demonstrated 
the capability of retrieving wind speed (Komjathy et 
al, 2000; Garrison et al, 2002). Further 



experimental campaigns to characterize GPS 
altimetry from a fixed location over a lake (Treuhaft 
et al, 2001) and an airplane (Lowe et al, 2002a) 
have recently been conducted. The first GPS 
reflection from space was detected fortuitously 
from analyzing the data collected from SIR-C on 
board the space shuttle (Lowe et al, 2002b). More 
evidence of GPS reflections were also found in the 
CHAMP occultation data (Beyerle and Hocke, 
2001 ). 

Upon impinging on the ocean surface, the GPS 
signal is reflected primarily in the specular (forward) 
direction, in an amount dependent on surface 
roughness and angle of incidence. An airborne or 
space-borne receiver, connected to a down-looking 
antenna, could collect such scattered signals. One 
such receiver, and the 24 transmitters, form a 
multistatic radar system, capable of intercepting 
reflections from several areas of the ocean 
simultaneously (see Fig. 1). By analogy to 
traditional altimetry, the bistatic GPS reflected 
signal can be analyzed to derive the important 
descriptors of the ocean surface; i.e. ocean height 
and surface wind vector. Because of the multi-static 
nature of the GPS observations, they will improve 
our current capability of global sea surface 
measurements in two important ways: improved 
spatio - temporal resolution and coverage. 

Traditional altimetry is limited to looking in the 
(nominal) nadir direction and obtaining one height 
observation at a time below the altimeter, following 
very nearly repeatable tracks passing over the same 
point every ten days. The track separation varies, 
being largest at the equator where it is about 300 
km. The concept of wide-swath ocean altimetry 
improves the coverage and spatial resolution of 
traditional altimetry by filling the gaps between 
satellite tracks. However, the wide-swath ocean 
altimetry uses the same ground tracks of 
TOPEX/Jason repeating every 10 days. By contrast, 
a GPS receiver in low-Earth orbit (LEO) with an 
antenna pointed toward the Earth’s surface can, in 
principle, track about 10 GPS reflections 
simultaneously, therefore providing a coverage that 
is an order of magnitude denser than nadir-viewing 
altimeters. For example, the reflection ground 
tracks of one single satellite at the altitude of400 km 
would cover the Earth nearly uniformly in just 1 
day, with at most about 75 km across-track 
separation, as shown in Fig. 2. Such dense coverage 
can be translated into a higher temporal and spatial 
resolution than that of TOPEX/Jason or the 
proposed wide swath coverage, thereby providing 
the ability to recover certain ocean topography 
features or processes that are precluded with 
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traditional altimeters. A feasibility study (Zuffada et 
aL, 2000) shows that already a single GPS receiver 
in LEO can achieve 8 cm ocean altimetry 
measurements in 10 days, with 50 km^ spatial 
resolution. Because this system primarily consists 
of a GPS receiver and an antenna, a system of 
several satellites could be deployed within 
reasonable cost constraints. With many receivers, 
and the availability of the European GPS system 
(GALILEO) in the near future, the measurement 
density could improve by an additional order-of- 
magnitude. 



GPS 2 GPS 3 




Fig. 1 Cluster of GPS transmitters and one GPS receiver forming 
a multistatic radar, collecting reflections off the ocean surface. 
The basic measurement is the difference between the time of 
arrival of the direct signal (direct path is shown in black) and that 
of the reflected signal. 
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Fig. 2 Reflection point loci for one receiver at 400 km altitude, 
assuming its antenna beam can capture all available reflections, 
per day. Horizontal axis is longitude, vertical axis is latitude. 

These preliminary conclusions need further 
corroboration, obtained with data sampled at 
different altitudes, angles, and sea state conditions. 
Even if the GPS altimetry measurement accuracy 
proves to be lower than that of TOPEX/Jason along 
track, the promise of higher spatial and temporal 
resolution can still be achieved. The availability of 



such a wealth of measurements will provide a 
powerful augmentation to the traditional remote 
sensing instruments for oceanography, by ‘filling 
the gaps’ between existing tracks with rapid 
turnaround time. Oceanographers will be able to 
combine this dense data type with the more accurate 
sparse TOPEX/Jason data to infer higher resolution 
ocean topography features. 

Analysis of the GPS reflection waveform also 
provides an estimate of the wind speed and 
direction. While scatterometers such as QuikScat 
or SeaWinds provide near global coverage in one 
day, the observations are not necessarily collocated 
in time and space with the GPS altimetry 
observations. Instead, GPS reflections provide a 
unique set of collocated sea surface height and wind 
observations with near-global daily coverage and 
with resolution suitable for studying mesoscale 
features. Accurate sea surface height retrieval 
requires simultaneous measurements of ocean 
vector winds. The accuracy of GPS wind 
measurements is about 2 m/sec for wind speeds 
ranging from 3 to 15 m/sec (Komjathy et al, 2002), 
comparable to the traditional radar scatterometer. 
Thus, the GPS-measured ocean winds will 
complement the existing radar scatterometer wind 
observations and, in the context of sea surface 
height measurement, will provide the needed data 
set to retrieve the sea surface height with high 
accuracy. 

It is anticipated that the GPS altimetry will 
improve our current capability in two important 
ways: 

• High-spatial-resolution ocean topography. 

• Improved temporal resolution through rapid 
coverage 

Another possible application of very rapid 
coverage of the ocean is the monitoring of fast 
moving barotropic waves that propagate across 
ocean basins too quickly to be seen by the 
TOPEX/Poseidon 10-day repeat cycle. 

3 Direct and Reflected GPS Signals 

The present constellation of 24 GPS transmitters 
broadcasts at two L-band frequencies, termed LI 
and L2, at 1227.6 and 1575.42 MHz, respectively. 
Both carriers are modulated by one or two pseudo- 
random noise codes, referred to as Coarse 
Acquisition (C/A) and Precision (P), unique to a 
given transmitter. The process of acquiring the 
received signal consists of performing a cross- 
correlation between the incoming sequence and a 
replica of the transmitted signal, shifted in time and 
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frequency to account for the proper propagation 
delay and Doppler. The output of the correlator is 
maximized in time when the incoming sequence 
and the appropriate replica are perfectly aligned. 
Additionally, for a direct signal the correlator is non 
zero when the alignment is within +/- 1 code chip 
away from perfect and has a symmetric shape 
around the maximum. (The chip is the rate of 
probable occurrence of code transition, and is 1.023 
MHz and 10.23 MHz, for C/A and P codes, 
respectively. Hence, the chip duration over which 
the correlator output is non zero is the reciprocal of 
this rate.) By contrast the correlator output for the 
reflected signal is non zero over a period of several 
code chips and is not symmetric about its maximum. 
Therefore the reflected signal can be distinguished 
from the direct one based on its shape, as evidenced 
in Fig. 3; furthermore we will describe how the 
shape is affected by the state of the ocean surface in 
a manner that allows us to extract the ocean 
properties from it. 
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Fig. 3 Time sequence of the correlator output (Volts) showing 
the reception of a direct GPS signal followed by a signal 
reflected off the ocean surface. The horizontal scale is in lag, i.e. 
half of a code chip, the natural time separation used in GPS 
receivers. 1 chip = 1/1.023 sec for C/A code. 



The areas of the ocean surface contributing to the 
reflected signal vary as a function of time according 
to the advancement of the wave front. For the sake 
of illustration we define the plane of incidence as 
that containing transmitter, receiver and specular 
reflection point (chosen as the origin), i.e. the plane 
of Fig. 4. This plane is perpendicular to the mean 
ocean plane and is a plane of symmetry for the 
reflection. The shortest propagation path connects 
transmitter and receiver via the specular reflection 
point and hence its contribution is received at the 
earliest time. The contributions from the 
surrounding area in the ocean are received later. 



Within each area the generic scattering point is 
shown, to illustrate that while initially the scattering 
is mainly specular, as time progresses scattering 
from many directions make up each contribution. 
Specifically, the points on the ocean plane 
contained in an elliptical annulus of progressively 
increasing axes (major axis in the plane of 
incidence) and center (also in the plane of incidence) 
moving towards the transmitter give rise to 
scattered fields which are received at the same time. 
The size of the annuli and their ellipticity is 
determined by the receiver altitude and reflection 
geometry; the higher the elevation angle, the more 
circular the annuli become. In general it can be 
observed that the ocean surface is sampled along 
preferential directions, according to the reflection 
geometry. Hence, the received signal senses 
different areas on the ocean as time goes by, thus 
defining the resolution (Zuffada et al., 2003). 



z GPS TRANS 




Fig. 4 Reflection geometry showing the areas on the ocean 
(elliptical annuli) whose contribution to the measurement is 
received at the same time. 



4 Altimetry Measurement 

Assuming that a receiver is connected to both an 
upward looking and a down looking antenna, the 
cross correlation will output a direct signal followed 
in time by a reflected one (see Fig. 3). The general 
expression of the received reflected power 
waveform is 



P{t) = A\{ 






<To(C/io-#) 






( 1 ) 



where . is the observation time, ^is the 
modified correlator function accounting for the 
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statistical distribution of heights (Zuffada et al., 
1999; Hajj and Zujfada, 2002), Ri(R 2 ) is the 
distance between transmitter (receiver), and the 
correlator is maximum at a time representing the 
light travel of the contribution from the specular 
reflection point on the ocean. Furthermore, is 
the scattering cross section coefficient and depends 
on the probability density of surface slopes (and 
hence wind speed at a height of 10 m, Uio) in a 
manner described in (Zavorotny et al., 2000), 
F( f)=[sin(2 . fTi)/(2 . fTdf is the spatial 

filtering function associated with the receiver 
integration time (the reciprocal of the bandwidth, 
f), G is the receiving antenna gain and the 
integral is performed over the ocean surface, whose 
generic point is represented by the vector . with 
origin at the specular reflection point. The constant 
A is a scaling factor that represents the incident GPS 
power. It has already been pointed out that the area 
contributing to the power received at a given time is 
a thin elliptical annulus, moving outwardly as time 
increases. The delay between the arrival of the peak 
of the direct signal and the contribution from the 
specular reflection point on the leading edge of the 
reflected waveform ( . = 0, usually not 

corresponding to the peak) is the quantity of interest 
for altimetry measurements, and can be converted 
into path difference (reflected minus direct) by 
multiplication with the speed of light. From the 
knowledge of the system parameters of Eq. 1, and 
an estimate of the roughness, models are generated 
for use in a fitting process. From precise knowledge 
of the positions of transmitter and receiver and with 
an apriori estimate of the sea surface topography, a 
path difference can be expressed in terms of the 
surface altitude below the receiver and the elevation 
angle. A retrieval scheme can be set up to solve for 
these two parameters, accounting for various 
sources of error such as transmitter and receiver 
clocks, and the extra delay introduced by the 
ionosphere and the neutral atmosphere {Lowe et al, 
2002a). 

5 Wind Measurement 

The peak value and the behavior of the trailing edge 
of the reflection waveform contain information 
about the wind speed, or more appropriately sea 
roughness, as represented by the scattering cross 
section coefficient in Eq. 1, illustrated in Fig. 5 for a 
typical case. 

Specifically, the dependence is through in Eq. 1. 
In the geometric optics limit of the Kirchhoff 
approximation, this depends on the probability 
density of surface slopes {Zavorotny and 



Voronovich, 2000), in the form of the mean square 
slope {mss) of the rough surface in the along-wind 
and across- wind directions. This descriptor is a 
measure of roughness. For a wind driven ocean, 
roughness is described by a spectrum of elevations, 
dependent on wind speed Uio, so that one can 
connect the mss to wind speed. In principle, given 
mss one can retrieve wind speed, and this has been 
used in wind retrieval algorithms. For the 
relationship between mss and Uio, see Elfouhaily et 
al, 1997. 



vel perpendicular to plane of incidence 




vel paralfel to plane of incidence 




Fig. 5 Predicted waveforms (received power in dB) versus C/A 
chips with coherent integration time 5 msec, airplane altitude of 
10 km, satellite at 45° elevation and wind speed 8 m/sec. 
Continuous line indicate wind along the ellipses minor axis, 
broken lines indicate wind along the ellipses major axis, (a): 
airplane velocity perpendicular to plane of incidence, (b): 
airplane velocity parallel to plane of incidence 

It is noted that the sensitivity to wind direction is 
exhibited by the separation of the trailing edge of 
waveforms corresponding to the same wind 
modulus, i.e. the width of the waveform can be 
made to correspond to a specific wind direction. 
The peak increases with the decrease of wind speed, 
a situation analogous to the traditional altimetry 
waveform. Solving for wind requires data from a 
variety of satellites at different elevation as well as 
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a multitude of azimuths, to sample the waveforms 
widths and peaks necessary to constrain the 
retrieval scheme to obtain a unique solution. More 
details can be found in (Zavorotny et al., 2000; 
Garrison et al., 2002; Zujfada et at., 2003). 

The considerations presented in this section are 
applicable at airplane altitudes, because the 
characteristics of the waveforms are due to the 
relative size of the isorange annuli in combination 
with the distribution of the scattered field as a 
function of local scattering geometry. This 
geometry is highly dependent on the location of the 
receiving platform. Additionally, while at airplane 
locations the antenna pattern is broad and G in Eq. 1 
can be taken to be constant, in space the need to use 
high gain antennas, and hence narrow beam widths, 
results in waveforms whose trailing edge behavior 
is dictated predominantly by the antenna pattern. 
Additionally, the Doppler filtering effect f also 
contributes to further drop in the trailing edge, 
independent of wind speed. In space the main 
detector of wind speed is the peak amplitude of the 
waveform, as illustrated in Fig. 6, for the case of the 
L-band antenna on board the Space Shuttle carrying 
the SIR-C experiment. The relevance of this 
experiment to demonstration of GPS altimetry will 
be summarized later in this paper. 




Fig. 6 Models of early part of reflection waveform for 
receiver altitude of 207 km, satellite at 30° elevation and antenna 
gain of 35 dB, as in SIR-C. The velocity of the Shuttle is 
perpendicular to the plane of incidence 

It is noted that the resolution decreases rapidly 
with wind speed increase, raising concerns about 
the feasibility of this measurement at high altitude, 
since it might be difficult to calibrate the GPS 
transmitter to this high accuracy. Additionally, the 
wind direction detection remains elusive, since it is 
related to being able to sample the areas where the 
scattered fields are decreasing most rapidly. From 
space this area is not sampled because it is outside 
the antenna footprint. 



6 Resolution 

The received power of Eq. 1 is the result of an 
integration over a time chosen to be consistent with 
the coherence of the phenomena being observed. 
This in turn depends on the size of the target 
contributing to the scattering, i.e. the larger the area 
the shorter the coherence time. Since the GPS 
reflection measurement samples progressively 
increasing areas over the ocean, one must establish 
what area is sufficient to acquire the needed signal. 
For altimetry measurements it is important to 
collect the contribution from the point of specular 
reflection, which occurs one code chip following 
onset of non-zero correlator output. This 
corresponds to an area over the ocean referred to as 
the first iso-range ellipse (see Fig. 4), implying that 
all the points contribute to the received signal with 
relative delay of no more that one code chip away 
from the minimum value. The size of this footprint 
depends on the receiver altitude (airborne or 
spacebome) and on the reflection geometry ranging 
from a few square km to tens of square km. 

The coherence time for the ocean at L-band 
ranges from a fraction of 1 msec to 10 msec 
(Elfouhaily et al, 2002; Zuffada et al, 2003), and 
each received waveform is generated with an 
integration time consistent with the coherence time. 
Because the signal level is very weak and speckle is 
a significant source of variation, many responses 
need to be combined to boost the signal and reduce 
the variance, thereby improving accuracy. To 
determine the measurement resolution one must 
examine the footprint behavior in the amount of 
time over which an incoherent average is performed. 
Such time is of order 1 to 10 seconds, depending on 
roughness conditions and needed accuracy. During 
this time the footprint will have moved by an 
amount determined by the receiver velocity along 
track, typically of order 1 to 50 km (see Lowe et al, 
2002, (a)). 

The receiver integration is performed over a 
range of values for the delay and the Doppler to 
maximize the output. At the end, a time series, 
analogous to the waveforms presented in Fig. 3, is 
produced corresponding to the optimal value of 
Doppler and delay. The Doppler value is sometimes 
referred to as the receiver compensation Doppler. 
Since the Doppler of the points on the ocean varies 
(iso-Doppler lines are hyperbolae), the 
compensation process will match the value very 
well at some points, namely along the correct iso- 
Doppler, and less well away from them, resulting in 
a reduction in the available signal to noise ratio. 
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Fixing the integration time T is equivalent to setting 
a bandwidth in the receiver, meaning that 
oscillations (Doppler shifts) higher than the 
threshold set by the reciprocal of the integration 
time, are not resolved. This is equivalent to a spatial 
filter, which limits the extent of the footprint in 
preferential directions, according to the platform 
motion. An example of this effect is presented in 
Fig. 7, where the shape of the Doppler filter is 
outlined. For further considerations see, for 
example, (Elfouhaily et al, 2002; Zuffada et al, 
2003). 

7 Accuracy 

The altimetry measurement accuracy depends on 
how precisely the peak of the direct signal and the 
contribution from the specular reflection point on 
the reflected signal can be located in time. In 
essence, the limiting factors are the transmitted 
power levels, the scattering cross section 
coefficients at L-band (roughness), the receiver 
integration time, the receiving antenna gain and the 
number of incoherently averaged samples. 



assumptions made to arrive at our estimates. From 
Eq. 1, the power signal to noise ratio (PSNR) for 
one coherently integrated sample is given by 

Psnr =<A>/<N >=P/kTB (2) 



where P is the left hand side of Eq. 1, k is 
Boltzman’s constant, T is the system’s noise 
temperature and B is the receiver bandwidth, and 
we have introduced explicitly two random 
processes, the signal and the noise, whose mean are 
represented by <A> and <N>, respectively. The 
incoherent average over nA samples for the signal 
and nN samples for the noise yields a voltage SNR 
(Zavorotny, personal communication, 2000) 



VSNR = 



4-^^{A)/„^+(yv)/«„ 



( 3 ) 



From this a basic estimate of the altimetry accuracy, 
by analogy with the estimate used for a direct GPS 
signal, is obtained 



GPS TRANS 




ISODOPPLER CURVES 

Fig. 7 Iso-Doppler curves and filter function associated with the 
receiver integration, for the case of a platform moving 
perpendicularly to the plane of incidence. The contributions from 
different points on the ocean are weighted according to the curve 
in green, thus creating a strip along the ellipse’s major axis 
corresponding to the highest contribution. For platform moving 
parallel to the plane of incidence, the strip lies along the minor 
axis. 

The first four parameters contribute to the 
accuracy of the single sample waveform, while the 
fifth compensates for the sample-to-sample 
variability. The antenna gain can be chosen so that 
an additional spatial filtering is performed, 
determined by the beamwidth. This feature also 
allows for a reduction of the effective footprint. 
Here we describe the steps involved in estimating 
the measurement accuracy, and point out the 



chip 

C7^a:0.1 ^ (4) 

VSNR 

Hence, the initial choice of antenna gain will impact 
the final accuracy through the incoherent averaging 
process. The higher the gain the higher the SNR at 
the expense of increased complexity and size and 
reduced beamwidth. Also, fewer samples are 
needed for incoherent averaging and hence the 
resolution is higher. 

Based on the available GPS transmitted power (- 
157 dBm) and typical values of coherent integration 
times (a few msec) and roughness, we can 
determine the antenna gain necessary to achieve a 
desired target SNR per single measurement. This 
target value is chosen so that we optimize the 
antenna requirements in terms of size/costs and 
obtain an accuracy sufficient for eddy resolution in 
10 days with a given constellation of receivers. 
Naturally, to obtain the same height accuracy, one 
can increase the single measurement SNR and 
decrease either the time or the number of satellites 
in the constellation. At the altitude of 400 km we 
found the target gain to be 30 dB, corresponding to 
an accuracy of 27 cm/4 sec of each averaged 
altimetry measurement, from Eq. 4. To increase the 
accuracy over this value many independent 
measurements need to be combined to define one 
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average altimetry measurement in a given ocean 
cell size. For such orbit, there are 1 .2 measurements 
per day for any given cell of size 50 km by 50 km. 
Simple averaging, assuming random error, will 
increase the accuracy to 18 cm/4sec in 2 days or 8 
cm/4sec in 10 days, as summarized below. 

Note that these measurements do not repeat at the 
same points but are distributed at random within a 
cell, so the measurement accuracy must be intended 
as pertaining to a cell centroid. If one considers two 
receivers instead, the accuracy for 2 days is 13 
cm/4sec and for 10 days it is 6 cm/4sec. If one 
considers eight receivers, the same accuracy as 
above can be obtained in an area one quarter of the 
size, and so on. It is noted that another way of 
improving the accuracy consists of increasing the 
number of available reflections by increasing the 
number of transmitters. This is of practical interest 
since a European GPS constellation is planned for 
deployment in the near future. The frequencies of 
operation and signal characteristics will be very 
similar to the existing US constellation so that the 
same acquisition and processing algorithms and 
hardware will be useful to process the wealth of 
available reflections. 



Table 1. Accuracy versus number of receiving satellites and 
averaging time, showing that a constellation of 8 satellites would 
be adequate for an eddy resolving mission. 
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to process reflections and (d) identify key system 
components and make design recommendations on 
an end-to-end space-based system capable of 
acquiring and processing reflections to deliver data 
useful to the science community. 

To collect reflections an experimental hardware 
system was developed for wide-band recording (20 
MHz) of bit sequences representing direct and 
reflected signals. To extract the waveforms, and 
have maximum flexibility on data manipulation, a 
software receiver system with a 50 nsec time 
resolution, unlimited number of delay points, and 
up to 8 kHz output bandwidth was developed; this 
can coherently integrate by any multiple of 125 

sec for maximum data processing flexibility. This 
system serves the purpose of a new receiver 
technology simulator, to provide feedback on 
receiver design for ocean reflection processing. The 
software can perform the internal cross-correlations 
with different frequency offsets, mapping the 
reflected signal’s Doppler contributions to produce 
Doppler maps {Lowe et al., 2002c). 

The first GPS reflected signal from space was 
detected fortuitously, by examining a calibration 
signal collected by the SIR-C flying on the Space 
Shuttle in 1994, which happens to have the right 
bandwidth for capturing the GPS L2 signal and a 
high gain antenna {Lowe et al., 2002, (b)). It is 
illustrated in Figure 8, together with a model of the 
measurement, based on the knowledge of the 
measurement geometry, the antenna radiation 
pattern and adjusting the unknown parameters of 
transmitted and scattered power to obtain a peak 
value match. 



The orbits of the LEO satellites are assumed 
errorless; however, orbit errors will affect the 
products from bistatic altimetry, particularly at the 
centimeter level of accuracy. Precise orbit 
determination error is discussed e.g. in Wagner and 
Klokocnik, 2003. 

8 Validating GPS Altimetry: Results 
from Experiments 

In the last few years the Jet Propulsion Laboratory 
has been active in the development of the GPS- 
altimetry measurement technology. The specific 
objectives are to: (a) understand the impact of the 
fundamental ocean processes on the measured GPS- 
reflected waveform, (b) assess the measurement 
accuracy for general experimental conditions and 
system parameters (c) feed this knowledge into the 
design of the next generation of JPL GPS receivers 






35C 




3W 




2M 




2CW 


a: 






ISC 


> 


100 




50 



< ■ ■ ■ ■ i ■ ■ ■ ■ i ■ ■ ■ ■ t . . . ■ i . ■ ■ ■ H 
0 12 3 4 5 

microsec 



Fig. 8 Measured GPS reflection Voltage Signal to Noise Ratio 
(VSNR) averaged over 4 seconds. Some possible reasons for the 
discrepancy between measurement and calculations are (a) 
incomplete knowledge of the antenna pattern and (b) insufficient 
accuracy of the scattering model. 



Additional data was collected from a CESSNA 
airplane flying over the ocean west of Santa 
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Barbara, CA, in the first altimetry experiment 
carrying instrumentation to acquire and record raw 
GPS signals. From experimental efforts over the 
past few years, a precision of 5 cm in a few minutes 
has been demonstrated to date {Lowe et al., 2002a), 
and is illustrated in Figure 9. 

Additionally, an experiment was conducted at 
Crater Lake, OR, using a fixed observing system 
looking into the lake at grazing angles. In this case 
one can track the phase of the GPS signal, thus 
increasing the accuracy substantially. This 
experiment yielded a lake surface height 
determination with rms precision error of 2 cm in 1 
sec (see Treuhaft et al., 2001), as illustrated in 
Figure 10. 
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Fig. 9 Dots are RMS of sea surface heights determined with two 
GPS satellites, identified by colors, whose reflections were 
detected by an acquisition system in a CESSNA flight over the 
Pacific off the coast of Santa Barbara, CA. Each point is the 
results of incoherent summations over 1 sec. At the times 
corresponding to no data the aircraft was changing course. 
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Fig. 10 RMS height of Cloucap Lookout Point, Crater Lake 
National Park, OR, recovered from GPS low elevation 
reflections from two satellites, showing measurement combined 
precision of 2 cm in 1 sec, obtained from reflected phase 
estimation. 

The results from this experiment are very 
encouraging because they demonstrate that an 
altimetry measurement can be made at low 



elevation geometry. Currently we are analyzing data 
from a similar experiment over the ocean to 
investigate whether this technique is still applicable 
when the roughness is much greater than over a 
small lake. If this proves to be the case, this 
approach can be used for monitoring of coastal 
oceans from fixed sites elevated above sea level, 
such as towers or natural coastal features. 

9 Next Steps 

In order to deploy a space-based system for high 
resolution sea-surface topography using GPS 
reflections, two key technology components must 
be developed and integrated. Specifically, (a) a 
receiver capable of tracking and processing many 
simultaneous reflections and generating on board 
correlation products and (b) a receiving antenna 
system with ample field of view and high gain, 
necessary to capture the multiple reflection points 
moving over the ocean. 

The antenna requirements can be met by a 
steerable multi-beam system, with a large enough 
aperture (about 2 m^) to achieve gain of 30 dB or 
about. Existing switched-beam or phase-array 
technology could be suitable for this application, 
although their cost is high. 

The work on GPS reflection technology 
development is founded on the considerable 
heritage of advanced GPS receivers developed at 
JPL. Blackjack is NASA’s high-precision science 
GPS flight receiver that has successfully flown on 6 
satellites in low-Earth orbit, and 1 1 more receivers 
have been either delivered and awaiting launch or 
committed for delivery. 

Currently the Blackjack does not have reflection 
processing capabilities to track and process 
reflections on board. Aided open-loop acquisition 
software for SAC-C and CHAMP Blackjack 
receivers has been developed experimentally. 
However, much work remains to be done to 
implement multi lag synchronization in order to 
output reflection waveforms possibly spanning SO- 
SO lags. Additionally, JPL has demonstrated the 
possibility of steering GPS antenna beams by means 
of the phase shifters in a GPS receiver, leading to an 
alternative approach at designing a phased-array. 
The approach uses nominal models for reflection, 
direct signal for clock error correction and outputs 
correlation products at high rate. Because of the low 
cost of GPS receiver phase shifters, this strategy 
might prove to be more cost effective than existing 
alternatives. The next steps involve the 
development of a highly parallel multi front-end 
GPS receiver, capable of on-board processing of 
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reflections, and of steering a multi-beam high gain 
array for acquisition and processing of simultaneous 
reflections. Then we need to integrate the receiver, 
with a high gain antenna array, and fly it on 
airplanes at a variety of altitudes to collect abundant 
measurements, and thus establish the intrinsic GPS- 
reflections measurement accuracy for a spaced- 
based deployment. 

New data acquisition and analysis approaches 
will lead to a more thorough understanding and 
reduction of altimetric error from airborne and 
coastal-based platforms. The roles of speckle and 
the tropospheric delay will be investigated at the cm 
level. 

10 Conclusions 

The paper illustrates a new technique for ocean 
remote sensing based on using the signal 
transmitted GPS and reflected off the ocean surface, 
to measure sea surface topography and roughness at 
high spatial resolution and rapid temporal coverage. 
The importance of this measurement for the global 
monitoring of ocean eddies, which is currently 
precluded by the existing altimeters, is discussed 
The basic description of the technique is provided, 
summarizing the basic theoretical approach based 
on the physical processes taking place on the ocean. 
The key issues relevant to the measurement 
accuracy and resolution are outlined, and the 
concept of combining many independent 
measurements to provide an “average” over a given 
cell size and time interval, as opposed to repeat 
measurements, is introduced. An estimate of the 
scaling of accuracy with the number of available 
receivers of a hypothetical space-based remote 
sensing system is given, showing that a 
constellation of 6 receivers with reflection antenna 
gain of 30 dB would be adequate for eddy 
resolution and monitoring, provided the antenna 
field of view were large enough to capture all 
available reflections. To validate the GPS altimetry 
measurement, the latest experimental results 
demonstrating a measurement precision of 5 cm in a 
few minutes from airplane flying over rough ocean 
and 2 cm in 1 sec from fixed-site over a lake are 
summarized, showing that such measurement is 
feasible. The basic features of the flexible 
experimental data acquisition/processing system 
developed for investigating the measurement 
phenomenology, are described. To actually fly a 
GPS remote sensing mission, a highly parallel multi 
front-end GPS receiver, capable of on-board 
processing of reflections, and of steering a multi- 



beam high gain array for acquisition and processing 
of simultaneous reflections must be developed. 
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Abstract. Moored velocity measurements and 
hydrographic surveys east of Taiwan, collaborating 
with altimeter and satellite-tracked surface drifters 
observations, are demonstrated in this paper to elu- 
cidate the influence of propagating mesoscale eddies 
on field measurements. Observations show that both 
of the current structure and hydrographic fields can 
be easily shaped by eddies, even for the westward- 
intensified swift Taiwan Current. A mechanism of 
interaction between Taiwan Current and propagating 
eddies is proposed to explain the observed phenom- 
ena. Readers are reminded that conclusions based on 
observations, either direct or indirect measurements, 
conducted over the regions where mesoscale eddy 
activities are prominent are possibly only snapshots 
of highly changeable oceanic conditions. 

Keywords. Mesoscale eddies, Taiwan Current, 
Kuroshio, altimeter, PCMl, PR20, geostrophy 



1 Introduction 

Taiwan stands on the edge of the continental shelf 
off the mainland China and is surrounded by several 
water bodies. To its north is the East China Sea 
(ECS) which has a wide continental shelf and to its 
south is the semi-enclosed South China Sea (SCS). 
The Taiwan Strait, which is a shallow channel con- 
necting the ECS and the SCS, is located on its west 
and to its east is the deep Pacific Ocean. When the 
westward-flowing North Equatorial Current reaches 
the area east of the Philippines, it bifurcates to feed 
the North Equatorial Counter Current in the south 
and to form the northward-flowing Luzon Current in 



the north. The Luzon Current can be regarded as the 
origin of the Kuroshio near Japan. Bridging the Lu- 
zon Current and the Kuroshio is the Taiwan Current 
east of Taiwan, which is part of the Kuroshio system. 

The Kuroshio system covers the western bound- 
ary of the North Pacific Ocean from the Philippines 
to Japan. Numerous routine hydrographic surveys, 
which were conducted by Japan mainly in the re- 
gions near Japan, in the ECS and in the pelagic 
western North Pacific Ocean have been continued 
for nearly a century. Investigations of the Taiwan 
Current, however, are extremely sparse. Earlier 
studies suggested that the high variability of current 
speed, current axis position and volume transport of 
the Taiwan Current is correlated to the presence of 
eddies or counter currents east of Taiwan (Nitani, 
1972; Chu, 1970, 1974, 1976; Liu, 1983; Liu et al., 
1986, 1998). More recently, a regular hydrographic 
program (PR20) was initiated in 1990 and com- 
pleted in 1996 as part of the Taiwan’s contribution 
to the World Ocean Circulation Experiment 
(WOCE). At the meantime a current meter array 
(PCMl), which is also part of WOCE, had been 
maintained jointly for 20 months by Taiwan and the 
U.S.A. over the East Taiwan Channel (ETC) to 
measure the Taiwan Current volume transport di- 
rectly. Based on the PCMl measurements, variation 
of the Taiwan Current volume transport is found to 
be closely related to impinging mesoscale eddies 
which propagated westward from the interior of the 
western North Pacific Ocean on time scale of 100 
days (Yang, 1999; Yang et al., 1999; Johns et al., 
2001; Lee et al., 2001; Zhang et al., 2001). The im- 
pact of eddies on estimating the volume transport of 
the Western Boundary Current (WBC) in the Pacific 
has been reported for a long time (Nitani, 1972; 
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Hasunuma and Yoshida, 1978; Lukas et al., 1991; 
Wijffels et al., 1995; Qu et al., 1998). Nevertheless, 
almost all of these studies did not show clear evi- 
dences to clarify the influence of propagating eddies 
on hydrographic or current velocity fields. From 
measurements conducted at PCMl and PR20, some 
of the anomalous features presented in hydrographic 
and current measurements east of Taiwan are shown. 
These anomalies can be almost well explained by 
the presence of mesoscale eddies that delineated by 
altimeter measurements. 

2 Data 

The PCMl array consisted of 11 moorings equipped 
with current meters and thermometers. Moorings 
were sustained from September 1994 to May 1996 
over the submarine ridge east of Taiwan (Fig. 1). 
The moorings spanned over the ETC between Tai- 
wan and the southern end of the Ryukyu Islands, of 
which the opening is the main entrance of the Tai- 
wan Current to the ECS. Figure 2 shows the nomi- 
nal configuration of instrumentation. Coastal shal- 
low-water moorings of Tl, T2 and T7 were vulner- 
able to fishing activities and only survived for few 
weeks. The recorded data duration and data manipu- 
lation were well presented by Yang (1999) and 
Johns et al. (2001). 




Fig. 1 Nominal locations of PCMl moorings deployed at ETC, 
repeated hydrographic stations over PR20 and gridded 
TOPEX/POSEIDON sea surface height measurements. Units of 
bottom topography contours are km. 



In addition to the moored measurements, repeated 
hydrographic surveys were carried out twice a year 
along PCMl at 24.5°N and PR20 at 21.75^N from 
1990 to 1996. More intensive surveys were con- 
ducted seasonally at PCMl after the commencement 
of mooring observations in September 1994. Due to 
the shallow submarine ridge at ETC, the bottom 
depths were selected as the reference levels used in 
geostrophic computation at PCMl and 1000 dbar 
was adopted at PR20. The vertical integrals of 
current velocity beginning from different reference 
levels may sometimes induce large uncertainty in 
volume transport. It was shown that both of the 
mean geostrophic volume transport and its estima- 
tion error of the Taiwan Current at PR20 are insensi- 
tive to the selection of reference levels within the 
depth range between 800 and 2000 dbar (Yang and 
Liu, 2003). 

To delineate the spatial distribution and evolution 
of propagating mesoscale eddies, the 
TOPEX/POSEIDON (T/P hereafter) measurements 
are used in this study. The T/P sea surface height 
measurements look like virtual tide gauges with a 
nearly 10-day sampling interval. The virtual tide 
gauge observations are then averaged in bins of size 
0.5 degrees in both longitude and latitude. From 
each such virtual tide gauge, a 4-year mean from 
January 1993 to December 1996 is removed, thus 
allowing the sea surface height anomalies (SSHA) 
to be obtained. 



s 

i 

^ I-* 
E 

£ S 
<u 

g 

O 



+ 


A 1 

^ 1 








-F 

A 


-h 

A 


i. A m 








A 


# 


* 


/■ 


A 1 








A 


^ ^ 


Tl + 










+ 


/ 


* 


A 1 






A 


# 


/ 

• / 




H 




+ 






^ / 


A J 

T2\ 








A 


" / 

/ 


m ji \ 

' ' T4. 

' f 






/ 


/ H4 










A ; 


/ M3 




^ Current Meter 












• Temperature Logger 






/ 






1 + Sescst 














1 ▼ Hydrographic Station 




! 













\ 









Fig. 2 Nominal instrumentation of PCMl. National Taiwan Uni- 
versity moorings are T1-T7 and University of Miami moorings 
are M1-M4. Repeated hydrographic stations are shown at the top 
of the panel. 
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Current intermittently at the south of PCMl. How- 
ever, no reported evidences show that there exists 
noticeable currents east of the Taiwan Current. An- 
other conceivable suggestion is that Taiwan Current 
is split into two parts at somewhere upstream and 
the offshore part rejoins the Taiwan Current before 
entering the ECS through the shallow ETC. Abrupt 
bottom topography and nearly constant prevailing 
winds are not responsible for this sporadic 
mesoscale event (Yang, 1999). Then what made the 
strong Taiwan Current had such a marvelous change 
within such a short time? 




Fig. 3 Twelve consecutive current vectors derived from moored 
observations at PCMl during the period from (a) 1995/02/02 to 
(1) 1995/04/02. Each panel shows 5-day, upper 400 m, vertical- 
averaged results. Part of the topography contours of 200 m, 500 
m, and 1000 m are superimposed. 
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Fig. 4 Schematic presentation of the interaction between Taiwan 
Current and (a) anticyclonic and (b) cyclonic eddy. Two time 
frames of the observed 10-day, upper 400 m, vertical-averaged 
current vectors at PCMl during the periods of (a) 1994/11/21-30 
and (b) 1995/02/19-28 are overlapped. 



3 Eddy-Related Anomaly 

3.1 Ocean Current Structure 

The Taiwan Current, which is part of the Kuroshio 
east of Taiwan, is a WBC with a typical current 
speed of 1 m/s and a width of 100 km. In early days, 
the current structure was inferred mainly from 
sparse hydrographic measurements and highly vari- 
able results made the conclusions inconsistently 
from cruise to cruise (Chu, 1970; Nitani, 1972; Liu, 
1983). Based on the 12 surveys of hydrographic and 
vessel-mounted current velocity measurements, Liu 
et al. (1998) depicted the distinctive asymmetric 
mean velocity structure of the Taiwan Current over 
the ETC. The spatial and temporal variations of the 
current structure, however, were not well explored. 
In contrast with the generality of quasi-stationary, 
slow-varying characteristics of ocean current men- 
tioned in textbooks, the Taiwan Current structure 
both in speed and direction could have a remarkable 
change within two months (Fig. 3). It looks like that 
a considerable northwestward flow joins the Taiwan 



Mesoscale eddies are ubiquitous in pelagic oceans. 
They are storms in the oceans, playing important 
roles in ocean dynamics as well as the transport of 
heat, chemical and biological properties. Their im- 
pact upon the WBC remains to be illuminated. A 
plausible mechanism to explain the observed 
anomalous current structure shown in Fig. 3 is pro- 
posed and shown schematically in Fig. 4. It is the 
interaction between Taiwan Current and propagating 
mesoscale eddies. A cyclonic eddy is qualitatively a 
circular water column centered with a lower-than- 
surrounding sea surface height and currents around 
the eddy are counterclockwise in the Northern 
Hemisphere. Situations are totally opposite for anti- 
cyclonic eddy. If an anticyclonic eddy with consid- 
erable strength presents at the area south of PCMl 
and interacts with the north-flowing Taiwan Current, 
the current speed measured at PCMl is likely to be 
enhanced and current directions tend to be divergent. 
On the other hand, the current speed would be re- 
tarded and current directions tend to be convergent 
if a cyclonic eddy is presented. Basically, the T/P 
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measurements east of Taiwan support the proposed 
mechanism (Fig. 5). 




Fig. 5 Contours of the T/P SSHA corresponding to the time 
frames shown in Fig. 4. Contour interval is 10 cm and zero con- 
tours are plotted in dashed lines. 




Fig. 6 Contours of T/P SSHA and the concurrent drifting buoy 
trajectories that are marked with solid dots in 2-day intervals 
during the periods of (a) 1995/03/01-10 and (b) 1995/03/11-20. 
The triangles are the ending positions of buoys in each panel and 
(e) for buoys overall trajectories. Contour interval of SSHA is 10 
cm and zero contours are plotted in dashed lines. The concurrent 
upper 400 m, vertical-averaged current vectors at PCMl are 
shown in (c) and (d), correspondingly (revised from Yang et al. 
(1999)). 

The interaction between eddies and the Taiwan 
Current is also proposed partly to account for the 
meandering of the Taiwan Current. In early March 
1995, 5 satellite-tracked surface drifting buoys were 
deployed at the area near the southern tip of Taiwan. 
Instead of going north directly by the east coast of 
Taiwan following the mean path of the Taiwan Cur- 
rent, all these 5 buoys made unusual turns east of 
Taiwan (Fig. 6). A cyclonic eddy, which is also veri- 
fied by moored velocity measurements, is responsi- 
ble. Another extreme case happened in early June 
1995 that 6 buoys were deployed at nearly the same 
place (Fig. 7). Unexpectedly, they all went north- 
eastward away from the Taiwan Current and not 
flowing into the ECS through the ETC. An anti- 
cyclonic eddy east of Taiwan, of which diameter 



was as large as 500 km, is responsible for these un- 
usual buoy trajectories. This anticy clonic eddy 
swept all buoys to the east. Only one buoy managed 
to return to the Kuroshio through the Ryukyu Is- 
lands and one stayed in this big eddy and moved 
clockwise toward the place where it was deployed. 
All these buoys rode along interfaces between cyc- 
lonic and anticyclonic eddies. Another two exam- 
ples of anomalous trajectories of drifting buoys were 
presented by Yang et al. (1999). Almost all of the 
anomalous drifting buoy trajectories east of Taiwan 
can be well explained by eddy distribution. 
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Fig. 7 Same as Fig. 6 but (a), (b), (c), (d) and (e) for five consecu- 
tive time frames in 10-day intervals from 1995/06/09 to 
1995/07/28 and (f) for buoys overall trajectories. Beware that the 
overlapped current vectors are the vertical average of measure- 
ments between 200 m and 400 m (revised from Yang et al. 
(1999)). 

3.2 Hydrographic Field 

It is generally accepted that hydrographic survey is 
kind of synoptic measurement and is usually re- 
garded as a first-order approximation of the mean 
state of hydrographic conditions. Fig. 8(a) shows the 
16-cruise-averaged geostrophic velocity profile 
along PCMl during the period between 1990 and 
1996. The typical asymmetric, westward-intensified 
features of the WBC are well presented even the 
velocity magnitudes are underestimated due to the 
referenced bottom velocity. One of the surveys, 
however, showed a striking feature that the Taiwan 
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Current moved off shoreward in March 1995 (Fig. - ^ \y'-\ 

8(b)). This unusual movement is certified independ- ^ / i~X 



ently both by moored velocity observations and sat- 
ellite- tracked surface drifters (Fig. 6). Yang et al. 
(1999) suggested that the interaction between the 
Taiwan Current and a distinctive cyclonic eddy ap- 
parently propagated northwestward from 17®N, 
129°E to the east of Taiwan is responsible for this 
unusual movement (Fig. 9). 
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Fig. 8 Geostrophic velocity profiles along PCMl (a) averaged 
from 16 cruises and (b) conducted on March 16, 1995. Triangles 
show the locations of repeated hydrographic stations. Units of 
velocity contours are cm/s (adopted from Yang et al. (1999)). 
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Fig. 10 Transects of geostrophic velocity profiles in unit of cm/s 
along PR20 with a reference level set to 1000 dbar. Regions with 
positive (northward) velocity components are shaded and nega- 
tive (southward) velocity components are plotted in dashed lines. 
Date periods and hydrographic stations (triangles) of the corre- 
sponding surveys are shown on the top of each panel (revised 
from Yang and Liu (2003)). 
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Fig. 9 Monthly advance of T/P SSHA from (a) November 1994 
to (e) March 1995. A remarkable low anomaly (cyclonic eddy) 
east of Luzon propagated northwestward towards Taiwan is em- 
phasized (revised from Yang et al. (1999)). 
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Another repeated hydrographic surveys were 
conducted along PR20. The banded interleaving 
velocity structure and noticeable velocity compo- 
nents far away form the Taiwan Current were ob- 
served frequently in this area (Fig. 10). For instance, 
northward currents east of 124®E in Fig. 10(a), at 
127.5^E in Fig. 10(b) and 10(f), and at 125^E in Fig. 
10(d). Dynamics of currents in open ocean are basi- 
cally in geostrophic balance. Yang and Liu (2003) 
showed that the concurrent eddy distribution, which 
can be represented by T/P SSHA measurements, 
gives at least one of the explanations for the ob- 
served velocity structure (Fig. 11). They also 
showed that the estimated geostrophic Taiwan Cur- 
rent volume transports over PR20 are very likely 
being misestimated due to the presence of propagat- 
ing eddies. Uncertainty of the estimated transport 
can be reduced significantly even only the eddy 
distribution is taken into account. 




Fig. 11 Contours of T/P SSHA ((a), (b), (h)) in cm over the 

time periods corresponding to the hydrographic surveys shown in 
Fig. 10. The hydrographic stations (triangles) are overlapped. 
Positive (negative) SSHA are shown in lighter (heavier) shading, 
bounded by solid (dashed) lines. The thick dashed lines represent 
the zero contours (adopted from Yang and Liu (2003)). 



Hydrographic surveys east of Taiwan presented in 
Yuan et al. (1998a, 1998b) show another two exam- 
ples on how the hydrographic fields could be shaped 
by mesoscale eddies (Fig. 12). The flow fields de- 
picted by these two hydrographic surveys which 
were conducted in October 1995 and May 1996, 
respectively, are totally different from each other. A 
modified inverse method was applied on geostrophic 
computation for which the selection of velocity ref- 
erence level is not a critical problem and the derived 
flow patterns are generally supposed to be the true 
manifestation of hydrography. A strong correlation 
between the eddy distribution delineated by T/P 
SSHA and the flow fields was proposed by Yang 
and Liu (2003). A tilting interface between cyclonic 
and anticyclonic eddies east of Taiwan shown in 
hydrographic survey of October 1995 corresponds 
well to the concurrent SSHA (Fig. 12(b)). In survey 
of May 1996 (Fig. 12(c)), part of the Taiwan Cur- 
rent made a significant detour at 23°N over where a 
low SSHA was present at 123.5°E, 23.5°N at nearly 
the same time (Fig. 12(d)). A much stronger low 
SSHA was located further east at 128°E, 21°N and 
the southwestward current at 127°E, 2 UN in Fig. 
12(c) also corresponds well to the prominent cyc- 
lonic eddy. 




Fig. 12 Modified inverse method derived stream function of 
currents based on surveys conducted in (a) October 1995 and (c) 
May 1996. Contours of T/P SSHA in cm at nearly the same time 
corresponding to (a) and (c) are shown in (b) and (d), respectively 
(adopted from Yang and Liu (2003)). 



4 Concluding Remarks 

Mesoscale eddies are ubiquitous in the oceans. Hy- 
drographic surveys, which are often used for esti- 
mating heat, nutrient and chemical material trans- 
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ports, are very likely being misestimated due to the 
presence of propagating eddies. Temporal and spa- 
tial variations of current structure and volume trans- 
port of the Taiwan Current are mainly the collabora- 
tion of interaction between impinging mesoscale 
eddies originating from the interior of the western 
North Pacific Ocean and the Taiwan Current on 
intraseasonal or longer time scales. Readers are re- 
minded that conclusions based on observations, ei- 
ther direct or indirect measurements, conducted over 
the regions where mesoscale eddy activities are 
prominent are possibly only snapshots of highly 
changeable oceanic conditions. Even the continuous 
moored velocity measurements should also be inter- 
preted with caution, especially for the short observa- 
tions. 
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Abstract. TOPEX/POSEIDON sea level data from 
mid 1992 to early 2000 are analysed to investigate 
sea-surface current variability over the Scotian 
Slope off Atlantic Canada. One-second sea level 
data are de- spiked and smoothed in the along-track 
direction, and sea level anomalies relative to local 
means for this period are calculated. Geostrophic 
surface current anomalies normal to ground tracks 
are then derived from the sea level anomalies. 
Climatological-mean surface currents normal to the 
ground tracks are also obtained from the solutions 
of a regional finite-element circulation model. 
Model means and altimetric current anomalies are 
superimposed to produce nominal absolute currents. 
The altimetric results reveal prominent current 
variability over the Scotian Slope, intensifying 
toward the west and south. The intensification 
seems to be associated with the high occurrence of 
Gulf Stream rings and the proximity to the Gulf 
Stream. The rotational speed of the rings can exceed 
1 m/s. The cyclonic slope circulation is stronger in 
winter/fall and weaker in summer/spring. The 
present analysis also indicates that the winter 
circulation was strongest in 1998 and weakest in 
1996. The altimetric currents are consistent with 
frontal analysis data, ADCP and CTD observations, 
and numerical model results. 

Keywords. Current variabihty. Gulf Stream rings, 
satelhte altimetry, Scotian Slope 



1 Introduction 

The Scotian Slope (Fig. 1) and Rise off Nova Scotia 
is generally considered to be a region of strong 
current variability (Smith and Petrie 1982; Csanady 
and Hamilton 1988). The mean circulation is 
believed to be a broad cyclonic gyre in the Slope 
Water, between the northeastward Gulf Stream 
carrying warm and saline water and the equatorward 



shelf-edge current mainly composed of the colder 
and fresher Labrador Current water and the Gulf of 
St. Lawrence outflow water. Meanders and 
anticyclonic warm rings pinched off from the Gulf 
Stream often modify the Slope Water circulation. 
These rings generate significant temporal and spatial 
variability in currents (Joyce, 1991) and provide an 
important mechanism for shelf/deep-ocean 
exchange processes. It has been shown that the 
Labrador Current transport and the Gulf Stream 
position experienced significant interannual changes 
in the past decade (Han, 2002). 




Fig. 1 Map showing the Scotian Slope, and adjacent shelf and 
deep oceans. The labeled dashed lines are the selected T/P ground 
tracks on which the analysis is performed. The thick solid 
segment indicates the location of a hydrographic survey section. 
SEC: Shelf-edge current; SWC: Slope Water current. LC: 
Laurentian Channel. SIB: Sable Island Bank. Gulf Stream rings 
are depicted in red ellipses. 

Studies of Slope Water circulation including both 
observational programs and theoretical studies have 
been limited, compared with those of the Gulf 
Stream and the shelf areas. Therefore, our present 
quantitative knowledge about the circulation in the 
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Slope Water region is limited, particularly over the 
Scotian Slope. Recent mooring observations 
together with drifter studies (Fratantoni, 2001) have 
started a new phase of observing the Slope Water 
currents variability. Satellite altimetry provides 
instantaneous sea surface height measurements 
relative to a reference surface, and has been used to 
study the Gulf Stream and the shelf edge currents 
(e.g. Han, 1995). Earlier exploratory studies also 
indicate T/P altimetry’s potential in complementing 
in situ measurements for quantifying current 
variability and understanding dynamics in the Slope 
Water region (Han et al., 2000; Han, 2002). 

The primary purpose of this study is to use 
TOPEX/POSEIDON (T/P) satellite altimeter data 
for estimating surface current statistics for the 
Scotian Slope. In conjunction with frontal analysis 
data and other hydrographic data, this manuscript 
describes and discusses major current features. 
Knowledge of currents and their variability will be 
particularly important for oil and gas activities in the 
deep waters of the Scotian Slope. The altimetric 
current information is highly valuable for better 
understanding slope circulation dynamics and 
constraining dynamic circulation models. 

In section 2, we describe T/P data and processing 
techniques, derivation of surface currents, and 
frontal analysis data. Section 3 presents sea level 
and currents features and statistics at various 
temporal and spatial scales. Comparisons of 
altimetric results with other observations and model 
solutions are made in Section 4. Section 5 provides 
a brief summary and discussion. 

2 Methodology 

2.1 T/P Altimeter Data 

We used corrected T/P sea-surface height data for 
the period from mid 1992 to early 2000, obtained 
from NASA Pathfinder Project. Three T/P 
ascending tracks and four descending tracks were 
selected across the Scotian Slope and Rise off Nova 
Scotia (Fig. 1). The satellite has a nominal repeat 
cycle of 10 days, and there are 276 observations at 
each location. The along-track resolution is about 6 
km. The data were corrected based primarily on the 
principles in Benada (1997) for various atmospheric 
and oceanographic effects. 

The standard NASA Goddard Space Flight 
Center precise orbit based on the Joint Gravity 
Model-3 (JGM-3) has been used to produce the sea 



surface height data relative to a reference ellipsoid 
with equatorial radius of 6378.1363 km and a 
flattening coefficient of 1/298.257. 

Occasional spikes in the sea-surface height data 
were removed by an along-track 3-point median 
filter, and an along-track digital filter with an 
approximate e-folding scale of 18 km was 
performed to reduce noise influences on the current 
estimates. The results presented will be based on the 
smoothed height data unless indicated otherwise. A 
mean sea surface was constructed from the available 
T/P data. We then calculated the sea surface height 
anomalies relative to the mean sea surface. Both the 
marine geoid and mean oceanic topography are 
removed by this procedure. The sea surface height 
anomalies for Track 071 on October 20, 1999 are 
shown in Fig. 2, which exhibit prominent along- 
track variations in the Slope Water region (39-42°N). 

2.2 Derivation of Surface Current Anomalies 

From the T/P sea surface height anomalies, 
geostrophic surface currents normal to the track (Fig. 
2, positive westward) were derived. Note that these 
are estimates of surface current anomalies normal to 
the satellite ground tracks about the mean only, 
associated with the along-track pressure gradient 
derived from the slope of sea surface (e.g. local 
wind-driven flows are not included). 

2.3 Calculation of Absolute Surface 
Currents 

An approximate way of constructing absolute 
surface currents is to combine altimetric surface 
current anomalies with the mean circulation field 
from numerical ocean models. In this study we have 
used climatological-mean circulation currents from 
Han et al.’s (1997) diagnostic finite-element model 
solutions. The model surface currents are 
interpolated onto the satellite ground tracks. The 
components normal to the track were then derived 
(Fig. 3). We can see a westward flow along the shelf 
edge and the upper continental slope and a eastward 
current along the lower continental slope. It’s likely 
that these model currents underestimate the mean 
flows offshore of the upper slope since the model 
used false bottom topography offshore of the 1000- 
m isobath. 
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{a] Trad( 071 Sea Level Profile or 20-Oct l&99 
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Fig. 2 (a) Along-track profiles of T/P sea surface height 
anomalies for Track 071 on October 20 1999, unsmoothed (red 
lines) vs. smoothed with the digital filter (blue lines), (b) 
Associated geostrophic current anomalies normal to the track. 







Fig. 3 Climatological seasonal-mean surface currents over the Scotian 
Slope derived from Han et al.’s (1997) model results. Also depicted 
are positions (thick dashed hnes) of the shelfislope front and the Gulf 
Stream northern wall (dash-dotted line) for the study period (see the 
next subsection). 



2.4 Frontal Analysis Data 

Frontal analysis data provide quantitative 
information on the location of surface temperature 



fronts (shelf/slope front, Gulf Stream rings and Gulf 
Stream) based on satellite imagery. Frontal positions 
have been digitized from "Oceanographic Features 
Analysis" charts published by NOAA up to the end 
of September 1995 (Drinkwater K. and R. Pettipas, 
personal communication, 2001). Starting in April 
1996, the charts have been referred to as "Jennifer 
Clark’s Gulf Stream" (for more information visit 
http://users.erols.com/gulfstrm/). 

Fig. 4 shows the shelf/slope front (the narrow 
boundary separating cool shelf water from the 
warmer slope water immediately offshore), the Gulf 
Stream northern boundary separating the Stream 
from the slope waters, and warm temperature 
patches with some of them associated with Gulf 
Stream warm core rings (WCR), on October 20, 
1999. A Gulf Stream ring is apparent over the 
continental slope off Georges Bank and the western 
Scotian Shelf (between 39.5 and 41°N). 




Fig. 4 The positions of the shelf/slope front (dashed line) and the 
Gulf Stream northern wall (dash-dotted line) and the warm 
temperature patches of surface water (red) derived from satelhte 
thermal imagery on October 20, 1999. 



3 Results 

The sea surface height anomalies on Track 071 (Fig. 
2a) show large along-track variations in the Slope 
Water region (39-42°N), associated with 
fluctuations in the Gulf Stream position and the 
occurrence of WCRs (see Fig. 4). The associated 
current anomalies (normal component) have 
magnitudes of order 1 m/s (Fig. 2b). Anticyclonic 
ring circulation apparently occurred on October 20, 
1999 between 39.5 and 41.5®N, indicated by the 
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negative (eastward) current anomalies around 41®N. 

There are significant interannual variations in the 
current anomalies, as seen in time series of the 
anomalies near the 1000- and 4000-m isobaths on 
the descending tracks that are approximately normal 
to the shelf edge (Fig. 5a) and their power spectra 
(Fig. 5b). The seasonal and intra- seasonal changes 
are also apparent. For Tracks 12 and 50 the currents 
variability at the 4000-m water depth is much larger 
than that at 1000-m depth, while differences for 
Tracks 88 and 126 are not evident. This is consistent 
with the increasing distance of the Gulf Stream from 
the continental slope as one proceeds eastward from 
Georges Bank towards Grand Bank. 



Fig. 6 shows the spatial distribution of root-mean- 
square (rms) variability of the cross-track currents 
on the 7 tracks. Over the Scotian Slope, the 
variability increases westward and offshore, 
especially in the western part. This westward 
intensification can be attributed to proximity of the 
Gulf Stream to the shelf edge and increased warm 
core ring activity to the west (Fig. 7). The 
percentage occurrence of WCRs for a selected area 
is computed as the ratio of the number of days when 
a ring’s average radius is 90 km or larger and its 
average center is located inside the area, to the 
number of total days. We also calculated the 
percentage occurrence with average radii of > 60 
and 120 km respectively and found that the relative 




occurrence among the four areas is insensitive to the 
choice of the radius. 




LonglluM'W 



Fig. 6 Variability of the altimetric current anomalies from 1992 to 
2000 plotted as twice the rms values (red). The blue segments 
show the differences of rms values when Han et al.’s model 
means are included. Positions of the shelf/slope front and the Gulf 
Stream northern wall are depicted as in Fig. 3. 

The inclusion of the model mean currents does 
not change the rms values significantly (especially 
over the lower slope) (Fig. 6), indicating the eddy 
kinetic energy is overwhelmingly dominant over the 
mean kinetic energy for the Scotian Slope surface 
circulation. Nevertheless, it’s likely that inclusion of 
a refined model mean with a more realistic 
representation of the Gulf Stream and associated 
currents would result in quantitative changes in the 
current statistics, particularly offshore of the 1000- 
m isobath. 



depths on the four descending tracks (a) Time series, and (b) Power 



density. 
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Fig. 7 Percentage occurrence of WCRs over the Scotian Slope 
based on the frontal analysis data (K. Drinkwater and R. Pettipas, 
personal communication, 2001) from 1992 to 2000. Positions of 
the shelf/slope front and the Gulf Stream northern wall are 
depicted as in Fig. 3. 

Altimetric data indicate anti-cyclonic eddies from 
time to time. These circulation features are 
apparently associated with warm patches revealed 
from infrared images. When there were WCRs from 
frontal analysis data, altimetric data also shows 
anticyclonic eddies in the same location (Fig. 8). 
The geostrophic currents associated with these 
eddies can be over 1 m/s. These eddies slowly drift 
westward and move inshore. They can last a few 
months and are usually reabsorbed into the Gulf 
Stream or may break apart if they move onto the 
Scotian Shelf. Altimetric data not only confirm the 
occurrence of the Gulf Stream rings revealed from 
the infrared images, but also provide important 
quantitative information about associated currents. 

On September 27 and 28, 1999, ADCP and CTD 
data were collected at a section across a Gulf 
Stream/WCR front on 65 30’ W off the southwest 
Nova Scotia (Smith et al., 1999). The near surface 
currents from ADCP (Acoustic Doppler Current 
Profiler) data were presented in Fig. 9a. We can see 
approximate agreement of the eastward current on 
the northern side of the ring. Fig. 9b shows the 
temperature and salinity distribution from CTD 
(Conductivity-Temperature-Depth) data, which 
clearly shows that the temperature is above 18® and 
the salinity is 3 unit higher of WCR water. The steric 
height calculated from the temperature and sahnity 
data relative to the 500db is consistent with the 
altimetric sea level anomalies on Track 12 (Note that 
they are translated to be equal at the intersection). 



qS Ring 03 q$ Ring :13-P«>19S9 
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Fig. 8 Selected frontal analysis data (in blue for ring features, in 
dashed line for the positions of the shelf/slope front, and in dash- 
dotted line for the Gulf Stream northern wall) and altimetric current 
anomahes at the nearest repeat cycles (arrows). 

Altimetric seasonal-mean current anomalies (Jan- 
Mar, Apr-Jun, Jul-Sep, and Oct-Dec for winter, 
spring, summer and fall respectively) averaged over 
all years were calculated from the T/P current 
anomaly data. Long-term seasonal-mean current 
fields (Fig. 10) were then constructed by adding the 
model mean flows (Han et al., 1997) to the 
altimetric seasonal-mean anomalies. The 
southwestward shelf edge current is stronger in 
winter and weaker in summer. The seasonal range 
amounts to 10-20 cm/s. The eastward slope current 
(with the mean current toward the northeast (Fig. 3)) 
over the lower continental slope along the 4000-m 
isobath seems stronger in winter/fall, except for 
track 050 in winter. The rms current magnitude of 
the long-term seasonal means is 12.2, 8.0, 8.0 and 
10.8 cm/s for winter, spring, summer and fall, 
respectively. 
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Fig. 9 (a) Altimetilc current anomalies (red arrows) on Track 071, 
Gulf Stream rings (red), and ADCP data (black arrows). Plotted 
are the ADCP current components normal to Track 71. (b) CTD 
Temperature distribution across the ADCP section. See Fig.l for 
location. 



Han 

ViRrrtef 






Fall 



Lqngllwta-W U<t|pTud«-W 

Fig. 10 Seasonal-mean currents over the Scotian Slope in winter, 
spring, summer and fall: altimetric seasonal-mean anomalies plus 
Han et al.’ (1997) model means. Also depicted are positions 
(thick dashed lines) of the shelf/slope front and the Gulf Stream 
northern wall for each season. 

We have also examined interannual variability of 
Slope Water circulation. The winter current fields 
(Fig. 11) indicate pronounced interannual changes. 
The slope circulation was weakest in 1996 (the 
northeastward branch disappeared completely!) and 
strongest in 1998 (up to 30-40 cm/s). The Gulf 
Stream was in its most northern position from 199 
Scotain Shelf in 1997-98 (Han, 2002).3 to 1995 and 
shifted to the most southern position in 1996 (K. 
Drinkwater and R. Pettipas, personal communication, 

2001) . It is believed that the Labrador Current water 
pulse passed by along the upper Scotian Slope and 
intruded onto the the Scotain Shelf in 1997-98 (Han, 

2002) . 



(a) 

Salifirty tpsu)' 



4 Summary and Discussion 



We have used T/P altimeter data for the period from 
1992 to 2000 to study sea surface current variability 
over the Scotian Slope. In conjunction with frontal 
analysis data and hydrodynamic model solutions, 
T/P data reveal significant current variability over 
the Slope at intra-seasonal, seasonal and interannual 
scales. 
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ADCP measurements, and CTD observations. 

The geostrophic current anomaly normal to the 
T/P ground track is expected to be an underestimate 
of the total geostrophic current anomaly due to the 
neglect of the along-track current component 
(dependent on sea surface anomalies normal to the 
track). T/P data at crossovers of descending and 
ascending tracks allow us to estimate total rms 
current variability at those locations (Fig. 12). We 
have interpolated spatially and temporally 
geostrophic current anomalies normal to descending 
and ascending tracks to generate time series at 
crossovers. The normal-to-track components are 
then transformed into the eastward and northward 
components. The total rms current variability is the 
square root of the sum of the mean square values. 
Inclusion of wind-driven currents and mean flows 




Slope features periodic occurrence of the Gulf 
Stream warm core rings, whose rotational speeds 
can exceed 1 m/s. The increased current variability 
is associated with high occurrence of the 
anticy clonic rings. The inclusion of the model mean 
current does not increase the current rms values 
significantly, except over the shelf edge. The shelf 
edge current is larger in winter and smaller in 
summer. There is pronounced interannual variability 
of slope water currents in the 1990s, with the winter 
currents weakest in 1996 and strongest in 1998. The 
T/P currents are consistent with frontal analysis data. 



The altimetry data are most useful in quantifying the 
near-surface geostrophic current variability associated 
with anomalies in sea surface slope. Estimates of 
geostrophic currents at depth could be obtained by 
combining altimeter data with appropriate 
hydrographic data when available (Han and Tang, 
1999). CTD sections coincident with selected cross- 
slope tracks should be implemented. 
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Abstract. The satellite radar altimeter surveys 
global mean sea level height continuously. The 
crossover point adjustment is based on the 
ascending-tracks and the descending-tracks of 
satellite orbit. According to the dynamic model of 
the altimetry satellite motion, the method of 
dynamic crossover point adjustment is introduced 
in this paper. It is the fact that the altimetry data 
sets in the crossover points are just as the repeated 
observations which constructs the basis of the 
crossover adjustment. Assume that 11 q is a sea 
level height variation, AX is the satellite orbit 
change at time , AX is the satellite orbit 
change at time is the undulation of the 

sea level height in the crossovers of the 
ascending-tracks and the descending- tracks. The 
sea level height variation can be gained by 
least-squares adjustment procedure. By 
establishing the dynamic model of crossover 
adjustment, the orbit errors could be reduced or 
weaken, thus improves the accuracy of the sea 
level height variation determined. 

Keywords. Altimetry - Satellite orbit - Sea level 
height - Crossover adjustment 



1 Introduction 

Since satellite altimetry technique came out, it has 
widely been utilized in geodesy, geophysics and 
oceanographic. The sea to seize 70% of the earth 
area has been understood by using satellite 
altimetry data in large range with high accuracy. 
By accurately determining altimetry satellite orbit, 
we can obtain ocean geoid and sea surface 
topography based on the height from the satellite 
to an instantaneous sea surface (Denker et al 1990). 
On the bases of the altimeter accuracy raising, the 
earth gravity model improving and the technique 
of determining satellite orbit developing, more and 
more applications have appeared in satellite 
altimetry field. 



According to basic satellite altimetry 
mathematics model, sea surface height (SSH) can 
be shown as (Engelis 1987) 

h = - p + s 

( 1 ) 

where, h is SSH; is satellite’s geodetic 
height; p is the distance from satellite to the sea 
surface, which has been corrected by altimeter 
deviation, ionosphere, dry and humid troposphere, 
electromagnetic deviation, converse air pressure, 
polar tide, solid tide and ocean tide; s is 
measurement noise and ocean wave noise. It is 
obvious, from (1), that from the satellite orbit 
files directly affects the accuracy of SSH. In other 
word, the accuracy of the orbit of the altimetry 
satellite, especially in radial, controls the accuracy 
of SSH to a great extent. Since satellite altimetry 
technique was applied, the geodesists have been 
attempting to improving the satellite orbit 
determination conditions, raising the orbit 
accuracy and studding the data processing 
methods. The crossover adjustment is an important 
means in reducing the effects of the orbit errors 
(Schrama 1989). This method can be used not only 
in the same satellite crossover adjustment, but also 
in combining process to several altimetry 
satellites. 

We have known that the radial orbit error of the 
altimetry satellite is of the long-wave characteristics, 
and has the feature of 1 cycle/revolution obviously 
(Engelis 1987; Schrama 1989; Zhai Guojun et al 
1996, 1997). Therefore a polynomial or 

trigonometric function is usually chosen as the orbit 
error model, in the crossover adjustment. This kind 
of selection is very efficient and this process can 
better remove the effects of the satellite orbit error 
in SSH to the large number of altimetry satellites 
(Shum 1982; Tapley et al 1985). However, after 
radial orbit errors of the altimetry satellite are 
studied in space domain, it is found that these errors 
are the function of geographical position. In orbit 
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error models stated above, pure geometry models 
are not able to remove the effect with geographical 
position correlation. Especially, when the earth 
gravitational field model is taken into account in the 
determination of the satellite orbit, the perturbation 
forms are the function of satellite’s space position 
completely. Therefore, the orbit errors that are 
independent with time are dependent with the 
position, and influence the results of the common 
crossover adjustments, finally, they affect the 
accuracy of observations of SSH. The dynamics 
crossover adjustment equations are founded on the 
basis of the satellite orbit dynamics model and the 
measurement data sets at the crossover points in this 
paper, by which we hope to reduce the influences of 
the orbit errors and to improve the accuracy of SSH. 

2 Dynamics Crossover Adjustment 
Model 

The satellite altimeter can effectually measure on a 
large area of the ocean and provide the altimetry 
of the instantaneous ocean surface which in turn 
can be used to research the ocean variation. The 
satellite orbit is designed as “frozen orbit” (Born 
et al 1987), in order to continuously measure the 
global sea surface height in repeated cycle, along 
the same ground track. A large number of 
crossover points are therefore produced. These 
points are located almost fixed geographical 
position in the sea surface respectively. The 
observations at the crossover points can be used as 
repeated measurements at fixed position but 
different time, which is provided to us to found the 
dynamics crossover adjustment. 

We know that, SSH is the distance from the sea 
surface to a reference ellipsoid. When we ignore 
the non-collinear properties between geocentric 
distance and sub-satellite point distance, SSH can 
be written based on (1) as 

h = r,-r^ -p + s 

( 2 ) 

where, is the geocentric distance and, is 
sub-satellite point distance. If p is regarded as 
input to equation (2), the output of the equation 
(SSH) can be considered as a new “observation”. 
At this rate, SSH will be the function of the 
satellite position. 

Based on the principle of satellite kinematics, 
the equation of satellite motion in inertial 



geocentric coordinate can be written as (Kaula 
1966; Tapley et al 1985) 

r = v 

f = + (3) 

r r 

K^o)=^o Kfo)=v(fo)=^o 

where, r ’ rorv and F are satellite’s position 
vector, velocity vector and acceleration vector 
respectively. P is satellite’s perturbation, is 
kinematics parameter vector, including 
gravitational field coefficients, air drag 

coefficients, solar radiant pressure coefficients, etc, 
which are to be estimated. In precise 
determination of the satellite orbit, the satellite 
status vector can be defined as 

(4) 

At the same time, the status equation is written as 

X=G{x,t) x{t)=X^ 

(5) 

the corresponding status function is 

G(x,f)=(v^,F^,of 

( 6 ) 

Consequently, theoretical function of SSH reads 

=H{x,t) 

(7) 

Assume that is SSH observation in an 

ascent arc at F , is SSH observation in a 
descent arc at , and crossover point is thus 
composed. Considering the variation of SSH, we 
assume that SSH varies in linear in one repeated 
cycle (excluding ERS-1/168 data), then we have 
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Linearizing (8), we obtain error equations 



•J o\j 



-^^AX^+hf 
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(14) 



(15) 



where, is the linear variation term of SSH in 
one repeated cycle, AX^. is the satellite orbit 
change at time , AX J is the satellite orbit 
change at time is the undulation of SSH 

at the crossover point of ascending-tracks and 
descending-tracks. 

We know by satellite motion theory that, the 
satellite’s position vector and velocity vector can 
be represented by the function of position, velocity 
and force parameters at satellite initial epoch. 
Therefore, after the linearization of the satellite 
status equation, we have 



The observation equation can be written as 

vf = -t“. )+V;"AXo +hf ( 16) 

In one repeated cycle, m ascending-tracks and 
n descending-tracks can consist of mx n 
crossover points, which can be treated as mxn 
observations at mxn stations in global ocean. 
The matrix form of observation equations is 



AX =^AX=DAX 
dX 



( 10 ) 



v = {t n 



AX 



+ h 



oy 



Now, we introduce a status transfer matrix 



where 



(17) 
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SO that 

AX=0(f,fo)AXo (12) 

where, AXq is initial satellite status and 6 
follows 

6{t,t,)=DO{t,t,) (13) 

let 



JSJ-(jSjad prad prad ad ad 

By least-square adjustment, the SSH variation 
Hq in one repeated cycle is easily obtained. 

3 Discussion and Conclusion 

By using satellite altimeter, we can continuously 
measure the height of the global ocean. In one 
repeated cycle, a large number of crossover points 
are formed in sea surface by ascending-tracks and 
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descending-tracks. Their positions are almost 
fixed regularly. The observations at crossover 
points can be treated as repeated measurements in 
the same positions at different time, which 
constructs the foundation of the dynamics 
crossover adjustment for the SSH variations. 

The SSH observations are derived by the 
distance from the satellite to the sea surface. The 
noises of the altimeter, sea wave and the satellite 
orbit errors are included in SSH. Based on the 
reference [10], the radial errors of altimetry 
satellite orbit in space domain can be divided to 
two parts. One part is related to the 

ascending-tracks and descending-tracks, and the 
magnitudes for both tracks should be equivalent, 
but the signs are reverse. Another part is not 
relevant to ascending-tracks or descending-tracks, 
and the magnitudes are also equivalent, and the 
signs are the same. The two parts are related with 
the geographical position of the satellite, but not 
related with the satellite’s initial position. These 
provide us some beneficial computation condition. 
Firstly, when the crossover points are formed by 
ascending-tracks and descending-tracks, the orbit 
error parts could be removed by orbit difference in 
error equations in the dynamical crossover 
adjustment, the other errors can be weakened in 
the adjustment with redundant observations. 
Therefore, the two parts of orbit errors do not 
affect the computation results in the dynamical 
crossover adjustment. Secondly, because the two 
parts of errors are only related with the satellite’s 
position, in error equations, the variation of SSH is 
mainly produced at time difference t ■ - 1 - , which 
is very beneficial for us to solve parameters of 
SSH variation. 

On the basis of the satellite motion theory, 
satellite position and velocity at any time can be 
expressed as the function of satellite initial 
position, velocity and dynamical parameters. In 
SSH “observations” derived, it is essential that 
accurate satellite positions or improved initial 
epoch status should be known. In the dynamical 
crossover adjustment, the error equations are 
formed by the distance difference from the 
satellite to the sea surface at crossover points, the 
ambiguity thus will be produced at determining 
the initial orbit status. It indicates that the 
dynamical crossover adjustment can’t be used in 
improving the satellite orbit. Further more, we can 
see that crossover point undulations include a part 
of orbit perturbation variation. It is an advantage 



that the orbit perturbation can be reduced by the 
dynamical crossover adjustment in the 
determination of SSH variation. 

The dynamical crossover adjustment is different 
from the integrated adjustment. At first, the purpose 
is different, thus the problems to be solved are also 
different. The dynamical crossovers adjustment 
method completely utilizes satellite altimeter data, 
especially, uses the reliable parameters at crossover 
points as controlling parameters. It should be 
pointed that the dynamical crossover adjustment 
method can only be applied to solve high accurate 
relative values. If precise geodetic or oceanographic 
parameters as SSH are needed, it is essential to 
input new external observations. 
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Abstract. Predictability of barotropic ocean tides is 
significantly less accurate in the coastal regions, 
littoral and shallow seas, and oceans not covered by 
TOPEX/POSEIDON (T/P) than in deep oceans 
(>1000 m depth) within ±66° latitude. Barotropic 
ocean tide models (mostly with spatial resolutions at 
50 km or longer), benefited primarily from T/P 
altimetry and hydrodynamic modeling, allow 
predictions of deep ocean tidal amplitudes with an 
estimated accuracy of 1-2 cm (1 a). Even with the 
availability of most recent suite of available global 
tide models based primarily on T/P data, e.g., 
GOTOO, NA099, Delft, FESOO, extreme Southern 
Ocean tides below 60S are limited both in accuracy 
and resolutions, especially in regions near Antarctica 
where parts of ocean surfaces are seasonally or 
permanently covered with ice. In our initial study 
with the objectives to improve tides in Antarctic 
oceans for accurate prediction of ground-line 
locations to enhance ice mass balance studies, we 
provide an assessment of accuracy of tide models in 
the region. In addition to global models, regional 
models such as the Padman models (Weddell Sea 
and Ross Sea) are currently available. Test models 
below 50S are presented using available T/P and 
ERS-2 altimeter data over ocean surfaces as well as 
retracked ERS-2 data over sea surfaces covered with 
ice. 

Keywords. Ocean tide modeling, satellite 
altimetry. Southern Ocean 



1 Introduction 

Ocean tides play a significant role in the complex 
interactions between atmosphere, ocean, sea ice, and 
floating glacial ice shelves. Tidal currents create 
turbulent mixing at the bottom of an ice shelf 
contributing to the creation of rifts for the possible 
detachment of part of icebergs and can influence heat 



transport between the ice shelf and sea water 
(Robertson et al., 1998). Tides near and under 
floating ice shelves and sea ice influence grounding 
line locations and, depending on surface and basal 
slopes, grounding line migrates with time within a 
grounding zone (Rignot, 1998b; Metzig et. al. 2000). 

In particular, tides have been identified as one of 
the dominant causes for grounding line migration in 
several studies, including Petermann Gletscher, 
Greenland (Rignot, 1998a), West Antarctic glacier 
(Rignot, 1998b), Filchner-Ronne Ice Shelf (Rignot 
et al., 2000), and Schirmacheroase Oasis, E. 
Antarctica (Mertzig et al., 2000). Improved 
knowledge of grounding line is inherently necessary 
to study ice mass balance and its contribution to the 
global sea level change. 

A number of global tide models (over 20) have 
been developed from 1994-1996, e.g., the 

FES95.2.1 model (LeProvsot et al., 1998) and 
CSR3.0 (Eanes and Bettadpur, 1996) based 
primarily on T/P altimeter data. Most of these 
models are defined between ±66°, with almost all 
empirical models based on the ’’truly” global 
hydrodynamic tide model developed by C. 
LeProvsot et al. (1998). Accuracy evaluations 
indicated that the deep (>1000 m) ocean tides are 
accurate to 2-3cm rms (vector differences of the 
in-phase and quadrature components), while coastal 
and littoral tides and polar tides are much less 
accurate (Shum et al., 1997). By 1996, a number of 
improved global ocean tide models became 
available. A non-exhaustive list includes: YATM4d 
(Tierney et al. University of Colorado, assimilated 
model), Arthur Smith (Delft Technical University 
empirical model), TPX0.3 (G. Egbert, Oregon State 
University deep ocean assimilation model), 
D&W98 (Desai & Wahr, JPL/CU deep ocean 
empirical Model), CSR4.0 (R. Eanes, University of 
Texas empirical model), GOT99.2b (R. Ray, 1999, 
NASA/GSFC empirical/patched model), NA099 (K. 
Matsumoto et al., 2000, National Astronomical 
Observatory assimilated model), and the FES99 (C. 
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LeProvost, LEGOS/GRGS assimilated model). A 
study was performed concentrating on the fidelity 
of the new tide models’ performance in the coastal 
region. 

2 Assessment of Tide Model Error in 
South Ross Sea 

The dynamical tide model CATS02.01, 

Circum-Antarctic Tidal Simulation, is a 

10-constituent model for the Southern Ocean 
(Padman et al., 2002). The grid is 1/4 x 1/12 degree 
(longitude x latitude) and extends from 86°S to 
58°S. The 10 constituents are 4 diurnal (Oi, Ki, Pi, 
Qi), 4 semidiurnal (M 2 , S 2 , K 2 , N 2 ), and 2 
long-period tides (Mm, Mf). The TPX05.1 T/P 
altimetry assimilation model was used for its open 
ocean boundary conditions. To get preliminary error 
assessment of tide models in the south Ross Sea, 
this regional CATS02.01 model and two global 
models, GOT99.2b and NA099, were compared 
with each other for 8 common short-period 
constituents. RMS model differences at all available 
grid points below 58S for the in-phase (HcosG) and 
quadrature (HsinG) components of these 8 
constituents are listed in Table 1. Except for Qi 
constituent, differences between models GOT99.2b 
and NA099 are larger than those involving the 
CATS02.01 model for all constituents. Thus, the 
CATS02.01 model shows the smallest differences, 
although marginal, relative to other models. The M 2 , 
S 2 , Ki, and Oi constituents dominate model 
differences. 



Table 1. RMS Model Differences (cm) in South Ocean 





CATS-GOT 


CATS-NAO 


NAO-GOT 


Ki 


3.31 


3.58 


4.41 


Oi 


3.67 


3.01 


4.01 


Pi 


1.02 


1.28 


1.43 


Qi 


0.68 


0.87 


0.82 


M 2 


3.42 


7.97 


8.74 


N 2 


1.62 


1.45 


1.83 


K 2 


1.13 


1.55 


1.66 


S 2 


3.40 


5.01 


5.42 



To get the picture for the spatial distribution of 
model difference, the RMS model difference 
averaged over three combinations and combined in 
a root-sum-of-squares (RSS) sense for the 8 
constituents was computed at every common grid 
point. Figure 1 shows that three models have the 
biggest differences reaching up to 30cm around the 
McMurdo Sound off the Scott Coast in the Ross Sea 
region. 




Fig. 1 Combined RMS model differences 

Williams and Robinson (1980; 1981) have 
deployed gravimeters in the south Ross Sea to study 
tidal dynamics under the ice shelf. The periodic 
variation in gravity recordings was analyzed to 
calculate tidal water level fluctuations in the south 
Ross Sea. Comparisons of these three ocean tide 
models with ground truth data at the Little America 
V gravimeter site (1973-1978), located near 78S 
and 168E, are listed in Table 2. Overall, the NA099 
model is closest to the ground truth at this single 
site and the CATS02.01 model shows the second 
better comparison. Also diurnal tides show larger 
model error than semidiurnal ones. In Table 2, RSS 
is the total difference combined in a 
root-sum-of-squares sense. 



Table 2. Tide Comparison (cm) at Little America V 





GOT99.2b 


NA099 


CATS02.01 


Ki 


26.6 


10.4 


21.6 


Oi 


20.4 


6.5 


16.0 


Pi 


11.4 


3.3 


7.3 


M 2 


2.2 


1.7 


0.7 


N 2 


2.9 


1.8 


3.5 


S 2 


2.9 


0.6 


0.5 


RSS 


35.7 


13.0 


28.1 



Along the tracks of altimeter satellites T/P and 
ERS-2, height predictions of each of three models 
were compared with the sea level variations 
observed by satellite altimeters. Table 3 reveals that, 
along tracks of the same satellite, all models have 
similar rms differences from altimeter 
measurements. It is obviously seen that the rms 
differences mainly depend on the satellite data that 
were compared against. Thus the data noise and 
non-tidal ocean signals in altimeter data seem to 
dominate the validation results in Table 3 although 
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the CATS02.01 model shows the slightly best 
result. 



Table 3. Model Validation (cm) with Altimeter Sea Level 





GOT99.2b 


NA099 


CATS02.01 


T/P 


30.71 


30.74 


30.23 


ERS-2 


38.37 


38.41 


38.00 



3 Empirical Tide Modeling 

We produced a few test tide models using altimeter 
data of T/P and ERS-2 satellites based on a response 
method of empirical tidal analysis, in which the 
admittance function is represented as a Fourier 
series of 6 parameters in each of diurnal and 
semidiurnal frequency bands (Ole Andersen, 1994). 
Andersen (1994) reports that one advantage of this 
representation of admittance functions is that 
estimates of the S 2 tidal constituent are derivable 
from the ERS-2 data at crossover points on 35-day 
repeat tracks even though the S 2 tidal constituent is 
aliased to zero frequency by the 35-day sampling. 
For the T/P satellite, the empirical tidal analysis was 
done at each individual point separated by 1 second 
in time from next points along the ground tracks 
because of the sampling rate (once per 10 days) that 
is higher than that of the ERS-2 satellite and 
designed for optimal ocean tidal analyses. The 
annual signal is solved for along with 12 parameters 
of this response formulation, which is able to 
determine harmonic constants of 8 short-period 
constituents Oi, Ki, Pi, Qi, M 2 , S 2 , K 2 , and N 2 . 
Andersen (1994) applied this response method to a 
residual tide solution after tidal variations of the 
1980 Schwiderski model has been removed from 
the ERS-1 altimeter data. The test tide analysis in 
this study, however, is a full tide solution not a 
residual one. 

The model evaluation results discussed in the 
previous section give us a good confidence on the 
CATS02.01 model’s performance in the south Ross 
Sea. Thus the test models produced in this study 
were compared with the CATS02.01 model due to 
lack of ground truth data for the region. 

In order to verify the procedure of test tide 
modeling, the TOPEX data for cycles 4-339 were 
used as the first set of altimeter data. T/P cycles 
4-339 correspond to a 9-year period from October 
of 1992 to December of 2001. The 8 tidal 
constituents were determined for each individual 
point that is separated by 1 second in time from 
next points along the T/P ground tracks in an area 
below 50S and within the longitude range between 



160E and 215E. The differences between the 
point-wise-and- TOPEX-derived test model and the 
CATS02.01 model that are combined in an RSS 
sense for 8 constituents have an rms difference of 
2.3cm for 13,382 points in an area bounded by 
66S/58S and 160E/215E. This model difference 
agrees well with the accuracy of recent tide models 
like CATS02.01 in deep oceans, which is on a 
2-3cm level. Of the 8 constituents, Ki tide has the 
largest rms difference of 1.2cm and S 2 tide has the 
second largest 1.0cm. The load tide of NA099 
model was used to reduce the TOPEX-derived test 
model from the geocentric (elastic) ocean tide to 
pure ocean tide to compare it with the CATS02.0 
model. 

Next, the ERS-2 altimeter data over ocean 
surfaces were analyzed for the 8 tidal constituents at 
crossover points in an area below 60S and within 
the longitude range between 160E and 215E. The 
ERS-2 cycles 1-59 were used corresponding to a 
7-year period from May of 1995 to December of 
2001. The rms difference between ERS-2 derived 
test model and the CATS02.01 model is 8.3cm for 
415 crossover points in an area bounded by 
66S/60S and 160E/215E. Of the 8 constituents, S 2 
tide that has the zero aliased frequency has the 
largest rms difference of 6.4cm and Ki tide with the 
annual aliased frequency has the second largest 
3.4cm. The CATS02.01 model has the accuracy on 
a 2cm level in this test area above 66S. Thus a full 
tide solution using 3 5 -day-repeat altimeter data 
alone is not good even over ocean surfaces and in 
deep ocean areas. 

To see the effect of adding ERS-2 data to the tidal 
analysis of TOPEX data, 31 test locations were 
selected between 65. 8S and 60.2S near the Ross Sea. 
The TOPEX-alone solutions at these test points 
have the rms difference of 2.64cm from the 
CATS02.01 model while those for both of TOPEX 
and ERS-2 data have 2.63cm. In each tide solution, 
separate bias parameters at the zero frequency were 
estimated for different data sets although a common 
weight was used for both data sets. The ERS-2 only 
solutions have 10.8cm rms difference from the 
CATS02.01 model. Thus the improvement of a full 
ocean tide solution using TOPEX data by adding 
ERS-2 data is negligible. 

Finally, the retracked Ice Data Record (IDR) data 
for the ERS-2 altimeter produced by the 
NASA/GSFC were used in the test modeling of 
ocean tide over sea surfaces covered with ice. 
Fricker and Padman (2002) reported their use of 
retracked ERS-2 altimeter data at crossover 
locations to perform harmonic tidal analysis on the 
Filchner-Ronne Ice Shelf. Time period of IDR data 
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used is the same as that of the ERS-2 data described 
above. For this study, the longitude range of the 
IDR data was restricted to the one from 165E to 
180E due to the large volume of original 20-Hz IDR 
data. For 1,409 crossover points of the ice 
tracking-mode in this area below 73. 5S, the rms 
difference between IDR derived test model and the 
CATS02.01 model is 38.1cm. Ki tide has the largest 
rms difference 24.7cm and Oi has the second 
largest 19.0cm, both being the constituents with the 
annual aliased frequency. S 2 tide with the zero 
aliased frequency has the third largest 12.3cm 
difference. Thus a full tide solution over sea 
surfaces covered with ice using 35-day-repeat 
altimeter data is even worse than the one over ocean 
surfaces. 

4 Conclusions 

In the Ross Sea area, two global ocean tide models, 
GOT99.2b and NA099, and a regional CATS02.01 
model were compared with each other for 8 
common short-period constituents. The M 2 , S 2 , Ki, 
and Oi tides are the least accurate constituents of 
these models in this area. Large model errors that 
go above 20cm are mostly located in the southwest 
part of Ross Sea, south of 70S and west of 190E. 
The CATS02.01 model shows the smallest 
differences from other models for most of 
constituents. At a single location, the Little America 
V gravimeter site, the NA099 model has the closest 
agreement 13cm with the gravimeter ground truth 
for 6 tidal constituents. Ki and Oi constituents of 
the three models show the largest differences from 
the ground truth data. 

The test tide models produced in this study were 
compared with the CATS02.01 model due to lack of 
ground truth data for the region. Our test tidal 
solutions for 8 short-period constituents that were 
individually determined at crossover points of the 
ERS-2 altimeter data on 35-day repeat tracks are 
not good even over ocean surfaces and in deep 
ocean areas. Each test solution is a full tidal 
analysis without removing from data the tidal 
signals implied by any reference tide model. S 2 and 
Ki tides were the least accurately determined. By 
adding ERS-2 data to a full ocean tide solution 
using TOPEX data alone, we got negligible 
improvement. Residual solutions with optimal data 
weights seem to be needed for further 
investigations. 

Use of retracked ERS-2 data over sea surfaces 
covered with ice in the test tidal analysis gave even 
poorer results. Ki and Oi constituents are the 
poorest ones for the test tidal solutions over sea 



surfaces covered with ice agreeing with the 
validation results of the CATS02.01 model at a 
gravimeter site. On the 35-day repeat tracks of the 
ERS-1 satellite, these diurnal constituents have an 
aliased frequency of the annual cycle. To overcome 
this severe tidal aliasing problem, making use of the 
“closing up” of ERS ground tracks over the south 
Ross Sea and the overlapping of InSAR swaths 
needs to be attempted. 
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Abstract. Present global ocean tide models based on 
the TOPEX/POSEIDON satellite data are still not 
accurate enough on the continental shelves for 
detailed oceanographic studies. The need for 
increasing accuracy in shelf regions calls for 
inclusion of more than just semidiurnal and diurnal 
constituents in future global ocean tide models. 

This study is an extension to previous investigations 
on the Northwest European Shelf by (Andersen, 
1999) which demonstrated that the major non-linear 
shallow water tidal constituent could be mapped 
from T/P altimetry. The purpose of this work is to 
locate in which regions of the world the M4 shallow 
water constituent is of importance to tidal modelling 
and to advise where it should be included in future 
tidal models. 

Maximum amplitude of more than 10 centimetres 
are found at the Newlyn tide-gauge in the English 
Channel. Significant amplitudes are not just 
concentrated to the Northwest European shelf but is 
also found at several other shelves like the 
Patagonian Shelf and several coastal shelves around 
the Atlantic Ocean.. 

Keywords. Altimetry, shallow water tides, tide 
gauges. 



1 Introduction 

Accurate sea level observations from the 
TOPEX/POSEIDON (T/P) satellite has vastly 
improved the global ocean tide models and numerous 
accurate global tide models are now available (i.e., 
PODAAC, 1996). In the deep ocean, present global 
ocean tide models agree within 2-3 cm in total (Shum 
et al., 1997; Smith and Andersen, 1997). 

It is considerably more difficult to model tides in 
shallow water. The spatial pattern of the tidal waves 
is scaled down over the shelves, first of all, because 
the tidal wavelength is proportional to the square root 
of the depth. Resonant or near-resonant responses 
add to the complexity of the tidal pattern and produce 
some of the worlds largest tidal amplitudes, such as 



in the Irish Sea, the bay of Mount St. Michel, and in 
the Gulf of Maine / Bay of Fundy. Consequently 
major differences are still found between most global 
ocean tide models, and different models seem to 
perform better in certain regions. 

Shallow water constituents are largely dependent 
on the bathymetry, the shape of the shelf, and the 
regional tidal regime. Wide shelves like the 
northwest European shelf will have totally different 
shallow water characteristics than narrow shelves 
(e.g., the east coast of the United States near Cape 
Hatteras). Similarly, shelves dominated by 
semidiurnal tides will have shallow water tides 
related to semidiurnal constituents whereas shelves 
dominated by diurnal tides will have another suite of 
shallow water tides related to the interaction between 
the diurnal constituents. 

For most tidally influenced and heavy populated 
coastal regions numerous accurate local 
hydrodynamic models already exist. One example is 
the NW European shelf where the tides have been 
modelled for decades. For this shelf regional models 
that includes shallow water constituents are available 
from Flather (1976, 1981), Le Provost (1991), 
Chabert d’Hires and Le Provost (1979), Pugh and 
Vassie (1980), Walters and Werner (1991), Howrath 
and Pugh (1983), Pingree and Maddock (1978), 
Pingree and Griffiths (1979), and Davies (1986). 

For many shelves of the world no investigations have 
so far been made of the shallow water constituents 
due to the lack of tide gauge observations. Satellite 
altimetry can be used to advise where local tide 
models should include shallow water constituents. 

M4 was chosen for this investigation as it is the 
largest shallow water constituent in most places of 
the world. This is naturally so, as it related to the M2 
constituent which is the dominant tidal constituent in 
most places of the world. 

The paper is structured such that section 2 gives a 
description of the characteristics of shallow water 
tides. Section 3 presents an investigation of 118 
World Ocean Circulation Experiment (WOCE) 
on-line tide gauges. Section 4 deals with altimetry for 
mapping shallow water constituent and possible 
problems with alias periods and mesoscale 
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variability. Finally, section 5 presents the M4 shallow 
water constituents from altimetry and compares with 
the results from the WOCE tide gauge observations. 

2 Shallow Water Tides 

The total tidal variation h from any number of 
constituents can conveniently expressed using a 
summation of the individual constituents amplitude 
Ai and phase gi or sine coefficients Ui and cosine 
coefficients Vi such as 

h= cos fcr.?-g.J= ^ cos ( C7i t ) + Vi sin f cr,- t ) , 

i=l i=l 

( 1 ) 

where gi is the phase lag of the tide at Greenwich and 
Oi is the angular speed of the ith constituent 
(Knudsen, 1993; Pugh, 1987). The summation is 
carried out over the n largest tidal constituents 
independent of the origin of these (astronomic or 
non-linear shallow water). 

In the deep ocean the dynamics are more or less 
linear and the tide is adequately described using a 
number of diurnal and semidiurnal constituents. In 
shallow water the dynamics become nonlinear and 
the tidal spectra appears more complicated, and 
consequently a number of additional constituents 
must be included to model the variations in sea level. 
These constituents appears of a number of 
frequencies like diurnal, semi-, third- and quarter 
diurnal. At some location even higher diurnal like 
sixth, eight and twelvth diurnal are seen. 

Nonlinear distortions cause compound and 
overtides often referred to as shallow water 
constituent. The nonlinearities appear through the 
quadratic term of bottom friction, spatial advection 
and mass conservation. All of these interactions can 
conveniently be expressed as simple harmonic 
constituents with angular speed being multiples, 
sums, or differences of the frequencies of the 
well-known astronomical constituents (e.g., M2 and 
S2). Detailed description on shallow water tides can 
be found in i.e. Pugh, (1987); Le Provost, (1991) and 
Andersen, (1999). 

The interaction of M2 with itself will generate M4 
and higher harmonics like M6, Mg and M12. Shallow 
water constituents have generally small amplitudes, 
even in shelf regions. However, the M4 shallow 
water constituent can be resolved from T/P altimetry 
as demonstrated by Andersen (1999). 

3 Tide Gauge Estimates of M 4 



One year of sea level observations from 118 World 
Ocean Circulation Experiment (WOCE) on-line tide 
gauges was analysed using the Proudman 
Oceanographic Laboratory Tidal Prediction 
Software (POLTIPS). 

The amplitudes of the M4 shallow water 
constituents at the 1 18 WOCE tide gauges are shown 
in Figure 1. For each tide gauge the amplitude is 
shown using a filled circle The size of the circle is 
dependent on the amplitude at the gauge and 5 nun 
correspond to 10 cm. By using observations from 
several independent years of the WOCE tide gauge 
data it was possible to give an estimate of the 
consistency of the estimated constituent. 
Determining independent amplitudes and phases for 
10 years accessed the accuracy of the M4 constituent 
from tide gauges. This yielded a standard deviation 
of roughly 7% of the amplitude for amplitudes 
greater than 5 cm. For the phase the standard 
deviation was around 15-20 degrees. 



m' i» w lire tfo' 




uo^ ^ lire 

Fig. 1 Location of 1 18 WOCE tide gauge. The size of the circle is 
dependent on the amplitude at the gauge. A diameter of 3 mm 
correspond to 10 centimeters. 

The M4 constituent has mean amplitude of 1.5 cm 
for the 118 gauges and maximum amplitude in 
excess of 10 centimetres (12 cm) in the English 
Channel at the Newlyn gauge. Amplitudes larger 
than 6 cm are also found at several locations along 
the east coast of the US, on the Patagonian Shelf and 
in the Gulf of Benin. 

An investigation of 118 tide gauges with far from 
a homogenous distribution along the world’s 
shorelines is not representative for the shallow water 
tides of the world. The databases of the International 
Hydrographic Organisation contains much more than 
1000 tide gauge stations and this would probably 
yield a much more detailed result. However, the 1 18 
WOCE tide gauges are readily available on the 
Internet in a convenient and consistent format for the 
current analysis. 
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4 Altimetry and Shallow Water Tides 

The ocean altimeter T/P Pathfinder product (version 
8 containing 300 repeats) was used for this study. 
The NASA pathfinder altimetric observations were 
delivered with a set of provided standard corrections 
(see http://iliad.gsfc.nasa.gov/ocean.html for 
details). 

The NASA Pathfinder products are delivered as 
normal point data, containing stacked, along-track 
observations. A special version without tidal 
correction was provided for this study (B. Beckley, 
personal communication). 

The major astronomical tides were removed using 
the FES94.1 hydrodynamic model (Le Provost et al., 

1994) , which contains 13 constituents (Ki, Oi, Pi, Qi, 
M2, S2, K2, N2, I2, t2, nu2, P2, 2n2). The FES94.1 
model was chosen because it is pure hydrodynamic 
model without altimetry. Even though the FES94.1 
model performs less accurate than newer models (i.e., 
GOT99.2 (Ray, 1999)) that rely on T/P altimetry, it 
was chosen because these models have already been 
fit once to T/P. 

When using T/P sea level observations for 
mapping shallow water constituent special attention 
must be made to the ground track distance, which 
will limit the spatial resolution. The alias periods are 
also important as they might cause constituents to be 
inseparable from each other. 

4.1 Ground Track Distance 

The ground track distance or the distance between 
parallel tracks will result in a somewhat irregular 
distribution of the sea level observations. The 
inclination of the satellite is roughly 66°, which 
means that the satellite will cover only shelves within 
the 66° parallels. The ground tracks distance is 285 
km at the Equator decreasing toward higher latitudes. 
At 50° latitudes, the ground track distance has 
decreased to roughly 150 km. Consequently, the 
spatial structure of shallow water tides can be more 
accurately mapped at high latitude. 

4.2 Tidal Aliasing 

Owing to the 10-day sampling interval of the T/P 
satellite being much longer than the tidal period, the 
tidal constituents are observed as having much 
longer periods (Parke et al., 1987, Andersen, 1994, 

1995) . The alias periods of the major four diurnal and 



semidiurnal constituents are 62, 59, 50, 87, 173, 46, 
89, 69 days for M2, S2, N2, K2, Ki, Oi, Pi and Qi, 
respectively (Parke et al. 1987, Andersen and 
Knudsen, 1997). 

The alias period of the M4 constituent is 31.04 
days and the angular speed is 58 degrees/ hour 
corresponding to 6.1 hours between adjacent “high 
waters”. The M4 constituent is well separated from 
all other important shallow water and astronomical 
constituents from T/P altimetry. 

4.3 Applied Method 

The shallow water constituent can be resolved using 
harmonic methods (i.e., Munk and Cartwright, 1966 
or Knudsen, 1993). The annual variation in sea level 
has average amplitude between five and ten 
centimetres in most of the world (Knudsen et al., 

1996). It was included to avoid any spectral leakage 
into the tidal estimates, as it has significant amplitude 
compared with the amplitude of the shallow water 
constituents. 

Subsequently the tidal parameters were 
interpolated onto a regular grid of 0.5° latitude by 
longitude using optimum interpolation or collocation 
using a second order Gauss-Markov covariance 
function following Andersen, (1999). 

The satellite estimates the elastic ocean tide and 
not bottom relative ocean tide as measured by the 
tide gauges. The elastic ocean tide is the sum of the 
ocean and load tide (e.g., Andersen 1995). To a first 
approximation, the load tide can be approximated by 
roughly -7 % of the altimetric tidal amplitude. 
Consequently, the satellite-derived estimates were 
corrected for this effect by multiplying the 
satellite-derived amplitudes by a factor of 1.075 to 
obtain the bottom relative shallow water ocean tide. 

5 Results 

The global distribution of amplitudes and phases of 
the M4 constituent is shown in Figure 2. The results 
from T/P altimetry shows that the M4 constituent has 
large amplitudes in places like the Northwest 
European shelf region. The Bay of Benin (western 
coast of Africa) also has large M4 constituent, which 
is also seen from the WOCE gauges. Altimetry also 
reveals large amplitudes on most of the Patagonian 
shelf and in many local regions along the Southeast 
Asian coast and in the Yellow Sea M4 can also be 
found. 
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Fig. 2 The M 4 constituent from T/P altimetry data. The amplitudes are shown in the upper panel, and the phases in the lower panel. 
Amplitudes are in centimeters, and phases are in degrees with respect to Greenwich. In deep ocean areas (greater than 1500 meters the 
amplitudes have been masked where the amplitude is smaller than 0.5 cm 



It is interesting and quite unexpected that small 
amplitudes are also found in large parts of the deep 
Atlantic Ocean. The existence of such small 
amplitudes in the deep ocean was also found recently 
using a hydrodynamic model by Lyard and 
colleagues (Lyard Personal communication). 

Regions of smaller M4 amplitudes are found to be 
associated with the outlet of the Amazon River, in 
the Hudson Bay and in the Bay of Carpentaria 
between Australia and New Guinea. Amplitudes of 
around one centimetre were found at several 
locations in the South Atlantic Ocean. These are not 
fully understood, but it is assumed that they are 
related to mesoscale oceanic signal. 

For the M4 constituent large amplitudes are found 
by some WOCE tide gauges, but not by the altimetry. 



There are several explanations for this. The most 
likely is the fact the high amplitudes can be related to 
a very local phenomenon. Consequently it is simply 
too localized for the altimetry to capture it. This is 
the most likely explanation to the findings at gauge 
in Panama, and one of the gauges along the Canadian 
west coast, which have considerably amplitude for 
M4 whereas this is not captured by the satellite. 

6 Summary 

The main goal of this investigation was to determine 
if coherent characteristics of the major shallow water 
tidal constituent M4 could be derived empirically 
from T/P altimetry. The purpose was to locate 
regions of the world, where this shallow water 
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constituent was found. 

The empirical model gives an idea about the extent 
and amplitudes of the M 4 shallow water constituent. 
Due to the distance between the altimetric 
observations these models will only have limited 
skill in mapping shallow water constituents, except 
perhaps at very high latitude (Andersen, 1999). 
Subsequently these maps could be used to determine 
where local tide models should be established. One 
could subsequently derive an accurate shallow water 
tide model, by assimilating the altimetric derived 
constituents (Egbert, 1997) into regional/global 
hydrodynamic models in the future to provide 
accurate tide models, which must include shallow 
water constituents. 

Coherent results between 118 WOCE tide gauges 
and M 4 was found in most regions. Several 
interesting features were resolved for this constituent 
by the satellite altimeter. Among these are significant 
amplitudes in many coastal parts surrounding the 
Atlantic Ocean, in South East Asia and on the 
Patagonian shelf. Further investigations should be 
carried out to investigate the influence of possible 
aliasing of mesoscale oceanic variability and to 
investigate the propagation of shallow water tides 
into the deep ocean. 

With longer time series and the launch of the T/P 
follow-on satellite, JASON further development 
within shallow water tide modelling from altimetry 
can be expected. Results from the interlaced ground 
tracks data are going to be extremely interesting for 
those studying tides in general, but shallow water 
tides in particular. 

Acknowledgments. This work was supported by the 
Danish Research Councils Earth observation program and 
is a contribution to the GEOSONAR project. The author 
would like to acknowledge the efforts of the NASA Ocean 
Altimeter Pathfinder Project, the WOCE sea level Center 
at the university of Hawaii (http://uhslc.soest.hawaii.edu/) 
for providing tide gauge data and the Proudman 
Oceanographic Laboratory for data as well as the 
POLTIPS tidal prediction software 

References 

Andersen, O. B. (1999). Shallow Water Tides in the Northwest 
Euroean Shelf Region from TOPEX/POSEIDON Altimetry, J 
Geophys Res, 104, pp. 7729-7741. 

Andersen, O. B. (1994). Ocean Tides in the Northern North Atlan- 
tic Ocean and Adjacent Seas from ERS-1 Altimetry, J Ge- 
ophys Res, 99, pp. 22557-22573. 

Andersen, O. B. (1995). Global Ocean Tides from ERS 1 and 
TOPEX/POSEIDON Altimetry, J Geophys Res, 100, pp. 
25249-25260. 

Andersen, O. B., and P. Knudsen (1997). Multi-Satellite Ocean 
Tide Modelling - The Ki Constituent, Progr Oceanogr, 40, pp. 

197-216. 

Andersen, O. B., P. L. Woodworth and R. A. Flather (1995). 



Intercomparison of Recent Global Ocean Tide Models, J 
Geophys Res, 100, pp. 25261-25282. 

Chabert D’Hires, M. M. G., and C. Le Provost (1979). Atlas Des 
Composantes Harmoniques De La Maree Dans La Manche, 
Ann Hydrogr, 6 , pp. 5-36. 

Davies, A. M. (1986). A Three-Dimensional Model of the 
Northwest European Shelf with Application to the M4 Tide, J 
Phys Oceanogr, 16, pp. 797-813. 

Egbert, G. D. (1997). Tidal Data Inversion: Interpolation and 
Inference, Progr Oceanogr, 40, pp. 53-80. 

Flather, R. A. (1976). A Tidal Model of the North-West European 
Continental Shelf, Mem. Soc. R. des Sci. Liege, ser. 6 , X, pp. 
144-164. 

Flather, R. A. (1981). Results from a Model of the Northeast 
Atlantic Relating to the Norwegian Coastal Current, in The 
Norwegian Coastal Current, 2, edited by R. Saetre and M. 
Mork, pp. 427-458, Univ. of Bergen, Bergen, Norway. 

Howrath, M. J., and D. T. Pugh (1983). Observations of Tides 
over the Continental Shelf of Northwest Europe, in Physical 
Oceanography of Coastal and Shelf Seas, Edited by D. Johns, 
pp. 135-185, Elsevier, New York. 

Knudsen, P. (1993). Altimetry for Geodesy and Oceanography, in 
Geodesy and Geophysics, Lecture Notes for NGK Autumn 
School 1992, Edited by J. Kakkuri, pp. 87-129, Finn. Geod. 
Inst., Helsinki. 

Le Provost, C., M. L. Genco, F. Lyard, P. Vincent and P. Canceil 
(1994). Spectroscopy of the World Ocean Tides from a 
Finite-Element Hydrodynamic Model, J Geophys Res, 99, pp. 
24777-24797. 

Le Provost, C., G. Rougier and A. Poncet (1981). Numerical 
Modelling of the Harmonic Constituents of the Tides, with 
Application to the English Channel, J Phys Oceanogr, 11, pp. 
1123-1138. 

Munk, W. H., and D. E. Cartwright (1966). Tidal Spectroscopy 
and Prediction, Philos Trans Roy Soc Lond Math Phys Sci, 
259, pp. 533-583. 

Parke, M. E., R. H. Stewart, D. L. Earless and D. E. Cartwright 
(1987). On the Choice of Orbits for An Altimetric Satellite to 
Study Ocean Circulation and Tides, J Geophys Res, 92, pp. 
11693-11707. 

Pingree, R. D., and D. K. Griffiths (1979). Sand Transport Paths 
around the British Isles Resulting from M 2 and M 4 Tidal 
Interactions, J Mar Biol Assoc U. K, 59, pp. 497-513. 

Pingree, R. D., and L. Maddock (1978). The M 4 Tide in the 
English Channel Derived from a Nonlinear Model of the M 2 
tide. Deep Sea Res, 25, pp. 53-63. 

Pugh, D. T. (1987). Tides, Surges and Mean Sea-level, a 
Handbook for Engineers and Scientists, John Wiley, New 
York. 

Pugh, D. T., and J. M. Vassie (1980). Tide and Surge Propagation 
Off-Shore in the Dowsing Region of the North Sea, Dtsch 
Hydrogr Z, 29, pp. 163-213. 

Ray, R. D. (1999). A Global Ocean Tide Model from 
TOPEX/POSEIDON Altimetry: GOT99.2, NASA Technical 
Memorandum, 209478. 

Shum, C. K., et al. (1997). Accuracy Assessment of Recent Ocean 
Tide Models, J Geophys Res, 102, pp. 25173-25194. 

Smith, A. J. E., and O. Andersen (1997). Errors in Recent Global 
Ocean Tide Model - Possible Origins and Causes, Progr 
Oceanogr, 40, pp. 325-336. 

Walters, R. A., and F. E. Werner (1991). Nonlinear Generation of 
Overtides, Compound Tides, and Residuals, in Tidal 
Hydrodynamics, Edited by B. Parker, pp. 297-320, John Wiley, 
New York. 



235 




Harmonic Tidal Analysis along T/P Tracks in China 
Seas and Vicinity 



Jingyng Bao, Dingbo Chao, School of Geodesy and Geomatics, Wuhan University, P. R. China 

Jinping Zhao, First Institute of Oeanography, State Oceanic Administration, P. R. China 

Qi Wang and Yanchun Liu, Department of Hydrography and Cartography, Dalian Naval Academy, P. R. 
China 



Abstract. More than 300 cycles of 
TOPEX/POSEIDON altimeter data covering China 
Seas and the West Pacific Ocean are adopted to 
along track harmonic tidal analyses. Special 
concerns are placed on the tidal aliasing problem 
caused by the T/P sampling rate, and a criterion for 
separation of constituents expressed in terms of the 
condition number of the normal matrix of the least 
squares estimator is presented. The accuracy and 
reliability of the results are assessed by 
intercomparison between the results of both 
ascending and descending ground tracks at 
crossovers, and by the comparison with in situ data 
of tide gauges. The comparisons indicate that the 
harmonic constants derived from T/P track 
observations are more accurate than the 
corresponding ones of existing global ocean models, 
especially, over the Yellow Sea, the East China Sea 
and the South China Sea, characterized as 
continental shelves seas and semienclosed sea, 
where the quality of tide information is evidently 
improved. The root sum squares (RSS) of 
differences between the parameters of 4 principal 
tides resulted from harmonic analyses along T/P 
tracks and the corresponding ones from the tidal 
tables of hydrography of the navy in the study area 
is of 7 cm in magnitude. Considering the fact that 
the qualities of the tidal tables are not precise 
enough, the precision indicated by the RSS 
mentioned above shows an improvemen on.the tide 
recovery over coastal waters by the thethod used in 
this paper. However the along track solutions can 
satisfy the need for providing open boundary values 
to develop regional ocean tide models with 
assimilation techniques. 

Keywords. Principal constituents; Along 
track data; Harmonic analysis; China Seas 



1 Introduction 

Since the launch of TOPEX/POSEIDON (T/P), 



considerable efforts have been made to estimate the 
ocean tides on the global scale. At present, the 
accuracies of the tide models derived from T/P data 
have been improved to 2-3 cm RMS over the open 
oceans [Shum et al, 1997]. To overcome the aliasing 
constraints with short time span of observation, it 
has been necessary to bin the data on boxes of 
several degrees in order to sample a wider range of 
phase [LeProvost, 1995]. In terms of this approach, 
small scale features of tidal field are made smooth 
down, therefore, most of the state of the art global 
tide models are not accurate enough over 
continental shelves and semienclosed seas. A 
challenge is given to geodetists and oceanographers 
to improve the accuracy of the models over these 
regional areas. 

With the availability of a long data record of 
accurate sea surface height measurements, it is now 
possible to estimate the ocean tide along the ground 
tracks of T/P. This had been done from over 4.5 
years of data using both response and harmonic 
analyses [Tierney et al, 1998]. 

In this paper, based on theoretical analysis of the 
aliasing problem, we estimate tides along the 
ground tracks of T/P using harmonic analysis from 
302 cycles of T/P data over China Sea and vicinity. 
By intercomparison of both ascending and 
descending results at crossover locations and by 
comparisons with the ground truth, the accuracies 
of the estimated results are assessed. 

2 Aliasing Periods and a Decorrelation 
Criterion in Harmonic Analysis 

Because the altimetry satellites have repeat periods 
of a few days or more, aliasing of the diurnal and 
semidiurnal tides into long period signals is an 
inherent property of the sampling of tidal signals in 
satellite altimetry. Aliasing induces tidal 
correlations. Therefore, observation time span of 
much longer than that of tide gauges is needed to 
separate different constituents. Let denote an 
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aliasing period, by Rayleigh’s rule, the time span 
T is needed for the separation of constituent i from 
constituent j: 



T> 
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( 1 ) 



This criterion is derived based on the principle of 
signal analysis. At present, the least squares method 
is considered as a standard approach for harmonic 
tidal analysis, therefore, the separability of 
constituents to be estimated, mainly depends on the 
condition number of the normal matrix of the least 
squares estimates. 

The tidal height at a given location is written as: 
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Where n is the number of observations, 
( , j=l,2,--“--,m ), and denote 

fjCO^{cjjti+VQj+Uj) , and 
respectively. 

Therefore, the unknown parameter X can be 
estimated by the least squares method through 
solving the normal equation: 

NX = B^L (6) 



— m 

— m 

= h E [ f j COS( O' jt + 1^0 7 ^ ^ j 

+ fj sinfcr jt + Vq^ + uj )H^] 

( 2 ) 

Where m is the number of constituents included in 
the tidal height expression, h denotes the height of 
the mean sea level relative to the Mean Sea Surface 
(MSS) provided by the MGDRs. a j and 

are the angular velocity and the phase at a given 
reference epoch respectively, fj and Uj are the 

nodal factors. H j and Gj are the harmonic 
constants, i.e., amplitude and phase lag, and 
HIH] are in-phase part and quadroture part of 
the constants. 

Thus, the observation equations for a sea surface 
height series can be written as: 

L = BX+A (3) 

Where L denotes the vector of observations, A 
the vector of errors, and X the vector of unknowns 
which takes the form of: 

X=(h Hi (4) 

The matrix B can be written as: 



Where N = B 

According to Rayleigh’s rule, it is necessary to 
use at least 9 years of T/P data for a reliable 
harmonic estimate of tides. 

With the above expressions, we propose a 
common criterion for a reliable estimate as: 



cond{N) = 



N 



-1 




< Limen 



(7) 



Where cond(-) denotes condition number, 

'^max ^min the maximum and minimum 
eigenvalues of matrix N respectively. Here, we 
take 10 as an given limen. 

The criterion given above is suitable not only for 
along track tidal analysis, but also for the tidal 
estimates at crossovers or in bins. Obviously, the 
solubility of normal equation is equivalent to the 
separability of the tidal frequencies from sampling 
series in our studied problem. Therefore, we can 
identify if the constituents can be separated or not 
according to a theoretical standard instead of an 
empirical one. 

Supposing that 10 major constituents (Sa, SSa, 
Ql, 01, PI, Kl, N2, M2, S2, K2) are included in 
our tidal height expression, the condition numbers 
of matrix N for various time spans indicated by 
the number of cycles used in solution with T/P 
sampling rate are computed and plotted as Fig. 1. 

Fig. 1 shows that if we have about 140 cycles of 
T/P data, the condition number of matrix N for 
point tidal analysis will be less than the given limen 
of 10, which happens to agreement in the sense of 
cycles used in the analysis presented by Tierney et 
al [1998]. If the observation time span is shorter 
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Fig. 1 The condition numbers of matrix N vs. cycles of T/P 
data used in solution, here abscissa denotes cycle numbers, and 
ordinate condition number of matrix N 

than 2 years, the corresponding condition number 
will be too large to do a reliable estimate, for 
example, when only 1 year T/P data (corresponding 
to 36 cycles) are used for harmonic tidal analysis, 
the condition number will increase to a magnitude 
of millions. In this case, the binning approaches 
should be adopted. In fact, up to now, longer than 9 
years of T/P data have been available for tides 
recovering. Therefore it is possible to do along track 
harmonic tidal analysis both in open oceans and 
over shallow waters. 

3 Data and Methodology 

The study area covers 100° -150° E, 0° -50° N. 
The ground tracks are shown in Fig. 2. About 8 
years of T/P data from pass 2 through pass 303 are 
used in our computations. 

The altimeter ranges are corrected for the wet and 
dry tropospheric delays, the ionospheric delays, 
electromagnetic bias, tide loading (CSR3.0 model) 
and pole tide corrections all provided by MGDRs. 
The standard geophysical corrections excluding 
ocean tidal correction are applied to sea surface 
height to form residual sea surface heights for tidal 
analysis. 

Along each track, the normal points are selected 
at 0.2° interval in latitude, all observations in 0.1 ° 
vicinity of the normal points are employed to form 
the observation equations (2). At each of the 5293 
normal points, the tidal parameters are estimated 
based on the least squares principle. 

4 Solutions and Accuracy Assessments 
4.1 The Solutions 

Along each of the ascending and descending ground 
track, the estimated harmonic constants show 
regular patterns, and some tidal wave features on 
short scale can be revealed. As examples. Fig. 3(a), 
and 3(b) show the estimated harmonic constants of 
the 5 largest constituents along pass075 profile. 



Although tidal waves mostly have long wave 
length, on continential shelves and in semienclosed 
seas, the resolution of T/P tracks in cross direction 
may not satisify the expression of the fine tidal 
structure, e.g. to diurnal and semidiurnal tides. 
Therfore here we only provide the amplitude map 
of the annual tide as Fig. 4, and the map of 

residual mean sea surface height referrenced to the 
OSU MSS95 model as Fig. 5 
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Fig. 2 distribution of T/P ground tracks and tidal gages (★)for 
assessment in the study area 




Fig. 3 (a) amplitude estimates 
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Fig. 3 (b) phase lag estimates 

Fig. 3 estimated harmonic constants along pass075, here, 
ordinate denotes harmonic constants, i.e. amplitudes in cm or 
phase lags in deg., abscissa denotes latitude 

Both Fig. 4 and Fig. 5 show almost the same 
anomalous area located in the east of Japan, where 
Kuroshio path pass through. Also, the tidal 
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Fig. 4 Distribution of amplitude of annual tide Sa 




harmonic constants derived both from ascending 
and descending ground tracks in this anomalous 
area are very different from those derived in other 
normal areas, which maybe caused by non-tidal 
dynamic oceanic signals, such as Kuroshio, and a 
possibility that could be trapped waves, shuch as 
internal tides. 



Fig. 5 The distribution of residual mean sea surface heights 



4.2 Accuracy Assessment 

For data comparison, the root mean squares (RMS) 
of difference of amplitude, phase lag, and of 
misfit of a constituent is defined as: 



Bao et. al. 

j. 

]_ 

RMSG=i^j^UG,-GifY (9) 

I 

RMS = 

Where N denotes the number of locations for 
comparison, the symbol with and without a bar 
denote the parameters in comparisons. 

The root sum squares (RSS) of the 4 principal 
tides is defined as: 

J. 

= (11) 

For the comparisons in this paper, unit in 
centimeter for RMSh and RMS, degree for RMSq. 

4.2.1 Standard Deviations from the Least 
Squares Fit 

The standard deviations from the least squares fit 
reflect the differences level between the model tidal 
heights and the observed ones. Considering the high 
accuracy of the T/P altimeter data, we should 
suppose that these deviations be mainly caused by 
Qontidal factors. The distributions of the deviations 
are mapped in Fig. 6. 

Fig. 6 shows that in most of the study area, the 
standard deviations are at the 10 cm level. Near to 
coast, they increase to 20 cm even larger, this error 
magnitude is consistent with that of harmonic 
analysis of tidal gauge data. The anomalous 
distribution also occurs in the east of Japan. 

4.2.2 Intercomparisons of the along Track 
Estimates at Crossover Locations 

The differences of the parameters separately 
estimated from ascending and descending tracks at 
crossovers can provide important information for 
error assessment of the along track solutions. We 
divide our study area into 4 sub areas. They are The 
East China sea. The South China sea. The West 
Pacific ocean and the other areas. The crossover 
locations and sub area divisions are displayed in Fig. 
7. 
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The comparisons of the estimated parameters at 
crossover locations are separately performed in 
each of the subdivition areas. The statistical 
information are plotted as Fig.s 8(a), 8(b), and 8(c). 

Based on the statistical results, over all the 4 sub 
areas, the RMS of amplitude discrepancies and 
misfits are less than 5cm, the RMS of phase lag 

discrepancies are within 10^" except constituent 

in above mentioned anomalous area. The estimated 
solutions have good coincidences at the crossover 
locations. 

Some examples of the along track estimates for 
principal tides and their differences at crossovers in 
typical shallow water areas are listed in table 1, 
Table 1 shows that the differences between the 
estimated amplitudes of the principal tides from 
ascending and descending tracks at crossovers are 
less than 6 cm, and of the phase lags, are within 10° 
except S 2 the Beibu Gulf, because its amplitude is 
less than 5 cm there. 




Fig. 7 The distribution of croossover locations, where the 
symbals and denote locations in The East China 




Fig. 6 the distribution of the standard deviations of the least 
squares fit over the study area (in cm) 



sea, The South China sea, The West Pacific Ocean and other areas 
respectively. 
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Fig. 8(b) RMS of phase lag differences 
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Fig. 8 (c) RMS of misfits 

Fig. 8 statistical results from comparisons of along track 
estimates at crossovers. 



Fig. 8(a) RMS of amplitude differences 
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constituents 
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Harmonic constants 


H 


g 


H 


g 


H 


g 


H 


g 


H 


g 


Longitude 

Latitude 


120.48 

39.21 


Ascending 


14.1 


220.4 


15.4 


49.1 


20.4 


92.6 


22.7 


358.2 


11.9 


38.0 


Descending 


14.6 


221.6 


16.6 


47.2 


21.7 


89.9 


27.9 


352.0 


10.6 


31.3 


Differences 


0.5 


1.2 


1.2 


1.9 


1.3 


2.5 


5.2 


6.2 


1.3 


7.7 


Longitude 

Latitude 


107.72 

20.61 


Ascending 


14.2 


322.3 


84.0 


30.9 


75.9 


85.9 


13.7 


142.2 


4.0 


141.2 


Descending 


13.1 


326.0 


85.4 


32.1 


75.7 


86.8 


14.7 


143.0 


4.3 


164.3 


Differences 


1.1 


3.7 


1.4 


1.2 


0.2 


0.9 


1.0 


0.8 


0.3 


23.1 


Longitude 

Latitude 


123.32 

39.21 


Ascending 


16.3 


227.2 


20.8 


299.4 


30.4 


335.4 


151.4 


260.8 


44.5 


305.1 


Descending 


12.2 


228.7 


21.6 


306.8 


35.3 


338.3 


148.0 


261.8 


44.8 


304.5 


Differences 


4.1 


1.5 


0.8 


6.4 


4.9 


2.9 


3.4 


1.0 


0.3 


0.6 



4.2.3 Comparisons to Tidal Gauge Data 

80 tidal gauges listed in Fig. 2 are selected for error 
assessments., which gauges are near to T/P tracks 
and near coast and on islands. The RMSs and RSS 
for the 4 principal constituents are calculated and 
listed in table2. 



The criterion for separation of aliased tides from 
altimetry data proposed in this paper is useful to 
along track harmonic tidal analysis. 

More than 300 cycles of T/P data are used for 
estimating tidal solutions over China Seas and 
vicinity, and the harmonic constants of the principal 
constituents are obtained in 5318 along track points. 

Through various comparisons, the along track 
tidal estimates in the study area is improved to 5 cm 
accuracy. 



Table 2. RMSs and RSS misfits of along track solutions to tidal 
gauge data 



constituent 


Oi 


Ki 


M 2 


S 2 


RMS 


2.71 


3.11 


5.21 


2.68 


RSS 






7.16 





The comparisons show that the errors of RMS of 
each constituent derived from along track analysis 
is 

under 6 cm level and the corresponding RSS for 
the4 principal constituents is about 7 cm. 

The comparisons of the CSR3.0 tide model to the 
same set of tidal gauge data are performed, and the 
RMSs and RSS are listed in table 3. 



Table 3. RMSs and RSS misfits of CSR3.0 model to tidal gauge 
data 



constituent 


Oi 


Ki 


M 2 


S 2 


RMS 


8.65 


11.45 


35.99 


15.11 


RSS 




41.59 







References 

Shum, C. K., R L. Woodworth, O. B. Andersen, et al (1997). 
Accuracy Assessment of Recent Ocean Tide Models, J 
Geophys Res, 102, pp. 25173-25194. 

Tierney, C. C., et al (1998). An Investigation of Ocean Tides 
Derived from Along-Track Altimetry, J Geophys Res, 103, pp. 
10273-10287. 

Le Provost., C., F. Bennett and D. E. Cartwright (1995). Ocean 
Tides for and from TOPEX/POSEIDON, Science, 267, pp. 
639-642. 

Matsumoto, K., T. Takanezawa and M. Ooe (2000). Ocean Tide 
Models Developed by Assimilating TOPEX/POSEIDON 
Altimeter Data into Hydrodynamical Model: A Global Model 
and a Regional Model Aroud Japan, J Oceanogr, 56, pp. 567 
-581. 

Bao, J., D. Chao and J. Li (1999). A Preliminary Study of the 
Establishment of Ocean Tide Models over the South China 
Sea from T/P Altimetry, Journal of Wuhan Technical 
University of Surveying and Mapping, 24, pp. 341-345. 

Bao, J., D. Chao, J. Li, et al. (2000). Harmonic Tidal Analysis 
Near Crossovers of TOPEX/POSEIDON Ground Track over 
the South China Sea, Acta Geodaetica et Cartographica Sinica, 
29, pp. 17-23. 



Table 2 and table 3 show that the along track 
solutions are more reliable than CSR3.0 models 
over China seas., because the along track data used 
in the calculations has high space resolution, and 
the solutions avoid binning effect. The solutions 
will be 

helpful to develop new tide models over China seas. 

5 Conclusions 
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Abstract. Seasonal and interannual sea level 
variability is usually estimated using coastal 
metoocean station data. Presently many Russian 
stations have been closed, and for the open water 
areas the continuous series of sea level observations 
are usually short or missing. At the same time, the 
importantly of this information is obvious because of 
perspective development continental shelf of 
resources has begun. To a certain extent modem 
verified hydrodynamic models taking into account 
the complex range of driving forces which produce 
water motions, and also satellite altimetry data help 
to solve this problem. In this paper temporal sea 
level variability in the Barents and the White Seas 
are presented by three independent types of data: tide 
gauge data, satellite altimetry data, and results of 
hydrodynamic simulation for costal zone (in the 
areas of gauge locations) and for open seas (along 
satellite tracks and in the areas of gas and oil fields 
on the sea shelf). 

Keywords. Altimetry, sea level anomaly, 
hydrodynamic model, tide model, Barents Sea, 
^^ite Sea. 



1 Introduction 

Historically, sea level variability (tidal, storm surge, 
seasonal and interannual oscillations) have been 
investigated based on tide gauge data and hence it 
was limited within a coastal zone. 

Analysis of level variations in open oceans 
becomes possible with the development of 
mathematical modelling of different hydrodynamic 
processes. Coastal tide gauge data and limited 
number of open-sea tide gauge measurements are 



used for model verification and assignment of 
boundary condition. Until recently, this method was 
the only one possible for open oceans and for 
implementation of engineering calculations. 

Now the situation has changed. A new source of 
information about the sea level - satellite altimetry 
data - has become available. Satellite altimetry gives 
not only additional input information for analysis of 
time-space variability of sea level in the open oceans, 
but can also be combined with other data to verify 
existing hydrodynamic models. Therefore, 
processing the physically reasonable models of the 
short-term and long-term forecasts of sea parameters 
becomes possible. 

2 Features of a Hydrodynamic Regime 

The main sea level variations in the Barents and the 
White Seas are conditioned by tidal and storm surge 
oscillations (Barents Sea, 1985; Bogdanov et.al., 
2000). In the southern part of the Barents Sea the 
semidiurnal tide has an amplitude of up to 2m, which 
is large in the Arctic seas. The tidal height decreases 
in the north and northeast Barents Sea, and it 
reaches 1-2 m over the Spitsbergen coast. Over the 
southern coast of the Francis Joseph Earth the tidal 
height is only 40-50 cm. This is caused by the 
bottom relief, the coastal line configuration, and the 
interference of tidal waves, which come from the 
Atlantic and Arctic oceans and determine spatial 
variability of tides. The tidal heights in the White 
Sea vary from 8 m in the Mezensky bay to 1 m in the 
Dvinsky bay. 

Storm surge sea level variations are formed by 
winds and atmospheric pressure gradients, whose 
distribution and intensity is determined by cyclone 
movements. The western and northwestern cyclones 
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are dominant and amount to 88% of the total 
cyclones. During the extreme situations the storm 
surge height is comparable to the tidal height. 
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Fig. 1 Position of tide gauge: • - Russian national network; 

A - GLOSS and PSMSL network; ♦ - perspective 
Shtokmanovskoe shelf deposit of gas. The circles show tide 
gauges, where the data were used in this paper. 

The storm surge values are greatest in the 
southeastern part of the Barents Sea (up to 2 m and 
even more). Over the Kola Coast and the Spitsbergen 
they are about 1 m; the smaller values (about 0.5 m) 
are observed near the New Land coast. 

Except for tidal and storm surge oscillations, 
seasonal variations of sea level in the Barents Sea are 
caused by a cumulative effect of the atmospheric 
pressure and wind, as well as by the interannual 
temperature and salinity variations. The maximum 
of the seasonal sea level variation is observed in 
November to December and its minimum is 
observed in May to June, which is in accordance 
with the conception of static atmospheric pressure 
effect upon the sea surface. This can be explained by 
the sea level rise under decreasing pressure and vice 
versa. Such a barometric situation and the sea level 
response are observed in the Barents Sea in winters 
and springs. The difference between the maximum 
and minimum mean sea levels in Murmansk can 
reach 40-50 cm. 

3 Data 



Three types of the independent sea level 
measurements, namely, tide gauge data, results of 
hydrodynamic simulation and satellite altimetry data. 
We interpreted the sea surface height as the deviation 
of the physical sea surface with respect to any 
reference system. For tide gauges it is the Baltic 
reference system, for results of hydrodynamic 
simulation it is the non-perturbed surface z=0, for the 
satellite altimetry it is a reference ellipsoid. 
Anomalies of sea surface height and tidal height are 
calculated as the deviation from the average value 
for both data types (mean sea surface model 
CSRMSS95IB for altimetry and average value from 
the period 1948-2000 for tide gauge and simulation 
data) 

3.1 Coastal Tide Gauge Data 

We have tide gauge measurements on 17 stations, 9 
in the Barents Sea and 8 in the White Sea for the 
period 1986-2000 (see Fig. 1). Eight stations contain 
hourly values and the others contain monthly values. 
Despite of the obsolete equipment, level rod and 
floating tide gauges, the accuracy of hourly 
measurements is better than 1-2 cm. 

3.2 Results of Hydrodynamic Simulation 

Three dimensional baroclinic model with free 
surface was developed in Laboratory of Sea Applied 
Researches of Hydrometeorological Research 
Center of Russian Federation (HMRCRF). This 
model reproduced storm surges and tidal in Barents 
and White Seas with a sufficient accuracy. We use a 
time step of 240 s for the coarse grid while the mesh 
size is 15 nautical miles. For the fine grid the time 
and spatial steps are 120 s and 6 nautical miles, 
respectively. 

While simulating tides in the Barents Sea, as the 
liquid boundary condition we use the temporal 
variation of tidal level resulting from the harmonic 
constants presented as a sum of the fixed number of 
tidal components 

C(x,y,t\ =l RiAi(xj)co&[ait + \i/oi-gi(xj)] 

^ i=l 

( 1 ) 

where Ai(x,y) and gi(x,y) are harmonic constants 
representing the amplitude and the phase of the i-th 
tidal component, is the angular velocity; \|/oi 
and R^ are initial phase and nodal factor determined 
from the astronomic data at the moment of the 
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beginning and the middle of the calculations, 
respectively (Duvanin, 1960). 

Harmonic constants are determined from the sea 
level observations made in a fixed number of 
stations on the liquid boundary and then interpolated 
to its nodes. Equations, boundary conditions and 
finite difference scheme are described in Popov et al. 
(2000) and Zilberstein et al. (2001). 

Using the mean temperature and salinity data and 
on basis of atmospheric fields of the ’’reanalysis” 
project hydrodynamic of level and currents 
calculations for the Barents Sea were carried out 
over the period from 1948 to 2000. Now it is used as 
a calculation procedure in the operational storm 
surge model for the Caspian Sea (Verbitskaya et al., 
2001 ). 

3.3 Satellite Altimetry Data 

For sea surface height and the level variation of the 
Russia Arctic seas, satellite altimetry from the 
Geosat Exact Repeat Mission (ERM) can be used for 
satellites with a high orbit inclination angle only (see 
Table 1). The exception is the White Sea, were 
TOPEX/POSEIDON and JASON- 1 are available. 
Ground tracks of ERS, GEOSAT and 
TOPEX/POSEIDON in the Barents and the White 
Seas are shown in Figure 2., and availability of 
satellite altimetry data is shown in Table 2. In this 
work TOPEX/POSEIDON data for the White Sea 
and ERS-1 and ERS-2 for the Barents Sea were used. 

To calculate sea level from satellite altimetry data 
it is necessary to apply tidal correction, 
instrumental and environmental corrections (Nerem 
and Mitchum, 2001). Usually tide heights calculated 
from a global tidal model are used for tidal 
correction. Unfortunately, the spatial resolution of 
global models cannot account for the morphological 
peculiarities of the Barents and the White Seas, 
especially in the coastal zone (Shum et al., 1997). 
peculiarities of the Barents and the White Seas, 
especially in the coastal zone (Shum et al., 1997). 

The comparison between the tidal heights 
obtained from the global model of the Texas 
University CSR3.0 (Le Provost, 2001), and those 
from the regional tidal model of the Barents and the 
White Seas (Popov et al., 2000), which is developed 
by the Laboratory of Marine Applied Researches of 
HMRCRF, show good agreement in phase (see Fig. 
3). During the period 1996-2000, the differences in 
tidal height from the two models range from 0.01 to 
2.93 m in the southeast part of the Barents Sea, and 
from 0.01 to 4.52 m in the bottleneck of the White 
Sea (see Fig. 4) (Lebedev and Tikhonova, 2000). 



Table 1. Main exact repeat mission (ERM) of satellite altimetry 
measurements 



Mission 


Time of active work 
(month/year) 


Parameter of 
orbit 


Height 

(km) 


Inclination 
angle (deg) 


Repeat period 
(day) 


GEOSAT ERM 


11/86-12/89 


780 


108 


17 


ERS-1 


Phase A 


07/91-11/91 


785 


98.5 


3 


Phase B 


11/91-03/92 


3 


Phase C 


04/92-12/93 


35 


Phase D 


12/93-04/94 


3 


Phase G 


04/95-06/96 


35 


TOPEX 


08/92-present time 


1300 


66 


10 


ERS-2 


04/95-present time 


785 


98.5 


35 


GFO-1 


05/98-present time 


800 


108 


17 


JASON- 1 


1 2/0 1 -present time 


1300 


66 


10 


ENVISAT-1 


03/02-present time 


800 


98.5 


35 



Table 2. Availability of satellite altimetry data for Barents and 
White seas 



Mission 


1 Barents Sea 


White Sea 


Quantity of track 


Quantity of 
measurements 


Quantity of track 


Quantity of 
measurements 


GEOSAT ERM 


64 


218 564 


23 


6 261 


ERS-1 


Phase C 


131 


144 652 


13 


1275 


Phase G 


148 


125 967 


33 


5 406 


TOPEX/POSEIDON 


- 


- 


18 


78 106 


ERS-2 


148 


452 371 


33 


18 660 



The comparison between the tidal heights 
obtained from the global model of the Texas 
University CSR3.0 (Le Provost, 2001), and those 
from the regional tidal model of the Barents and the 
White Seas (Popov et al., 2000), which is developed 
by the Laboratory of Marine Applied Researches of 
HMRCRF, show good agreement in phase (see Fig. 
3). During the period 1996-2000, the differences in 
tidal height from the two models range from 0.01 to 
2.93 m in the southeast part of the Barents Sea, and 
from 0.01 to 4.52 m in the bottleneck of the White 
Sea (see Fig. 4) (Lebedev and Tikhonova, 2000). 

It is important to note that the regional model was 
thoroughly verified by a Fourier analysis of tide 
gauge measurements at coast stations. It shows 
clearly the most significant features of the 
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space-time variability in tide (for example, bright 
tidal resonance in some bays of the Barents and the 
White Seas). Therefore the regional tidal model was 
used for tidal correction to the satellite altimetry 
observations. 




MAE 35?e 4S?E S&?E 5fi?E 



Fig. 2 Satellite ground tracks of altimetry missions in the Barents 
and White Seas. Dashed lines show the maximum latitudes of 
ground tracks. 



4 Results 

The analysis of the temporal level dependence of the 
Barents and the White Seas was conducted in two 
steps. At the first phase, the tide gauge data, results 
of model calculations and satellite altimetry data 
were compared in 1996 (this year was chosen 
because of the available observations in the White 
Sea). At the second phase, sea level variations from 
these three types of data were analysed. Sea level 
in the open parts of the Barents Sea, where the 
Shtokmanoskoe gas and Prirazlonmoe oil fields are 
located, was calculated separately. 

4.1 Comparison of Tide Gauge Data with 
Hydrodynamic Model Calculations 

Sea levels from tide gauges and a model in 1996 
were compared. For the comparison The knot of the 
computational grid nearby a tide gauge was selected. 



Global Tide Model {CSR3.0J 
Regional Tide Model ^HMCRF) 




Date, (ys&r) 

Fig. 3 Temporal tidal variation in point (47,49 1°E, 67,383°N 
around the Kolguev Island and Bugrino tide gauge) corresponding 
to track 208 of ERS-ERM calculated with a time step of 35 days. 



o 




47 48 49 60 51 52 63 



Longiiude. (deg) 

Fig. 4 Change of tide height along part of ERS track360, around 
the Kolguev Island and the estuary Pechora River at 27, February 

The comparison was conducted using both hourly 
measurements and the data averaged over 12h and 
24h interval. 

Results of the comparisons at Solovki in the 
White Sea and at Teriberka b at the Kola Coast of the 
Barents Sea are shown in a Figures 5 and 6. The 
estimated correlation coefficient and standard 
deviation are 0.871 and 0.29 at Solovki, respectively, 
and are 0.867 and 0.50 at Teriberka, respectively. 
These comparisons show satisfactory results. 

Time variations at the Bakaritsa station near the 
estuary of the Northern Dvina River in May 1996 
show that our hydrodynamic model cannot model 
the variability at the spring flood with a sufficient 
accuracy (see Fig. 7). 

4.2 Comparison of Tide Gauge Data with 
Satellite Altimetry Data 

To conduct this investigation the hourly tide 
gauge data measured at the White Sea were 
compared with the TOPEX/POSEIDON altimeter 
data (Benada, 1997) over 1996. 
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Time, (day) 

Fig. 5 Sea surface height anomaly variation of Teriberka tide 
gauge data (Kola shore in the Barents Sea) and results of model 
calculation for March 1996 with 12 hours average. 




Time, (day) 

Fig. 6 Sea surface height anomaly variation of Solovki tide gauge 
(Solovetstkie Islands of in the White Sea) and results of model 
calculation for September 1996 with 24 hours time average. 

The TOPEX/POSEIDON altimeter data at a point 
nearest to the tide gauge are selected, and the hourly 
tidal measurements close to the period of the satellite 
passing above the area of the tide gauge are selected. 
This is explained by the fact that for a period of one 
year entry on-off time ratio of the satellite data 
TOPEX/POSEIDON (~ 10 days) allows us to 
conduct the full analysis. 

The result of comparison at Solovki is shown in 
Fig. 8 The comparison demonstrates that the 
temporal variations derived from 
TOPEX/POSEIDON and from the tide gauge 
measurements agree very well. It is planned to 
increase the number of tide gauges and the time 
frame over 1992-2003 later. 

4.3 Comparison of Satellite Altimetry and 
Hydrodynamic Model Calculation 

Sea surface height anomalies along a satellite track 
were analysed. For this purpose two tracks of ERS-2 
exact repeat mission (Koblinsky, 1999) were 
selected. There are 17 descending tracks and 437 




Time, (day) 

Fig. 7 Sea surface height anomaly variation Bakaritsa tide gauge 
(estuary Northern Dvina - White Sea) and results of model 
calculation for May 1996 with 12 hours time average. 




Fig. 8 Sea surface height anomaly variation of Solovki tide gauge 
data (Solovetstkie Islands of the White Sea) and satellite altimetry 
data TOPEX/POSEIDON for year 1996. 



ascending tracks. The crossover points of ground 
tracks are near to the Stokmanovskoe gas field 
offshore in the Barents Sea. 

The calculated sea surface heights were 
interpolated over space in points along the tracks, 
and the value nearest in time to the moment of 
satellite measurements was selected. As a control 
interval 1996 was chosen. Sea surface height 
anomalies were calculated relative to the mean sea 
level for the model and relative to the mean sea 
surface for the satellite altimetry. 

Fig. 9 shows the good qualitative conformity of 
the data. Difference in amplitude can be explained 
by the fact that in model calculations the synoptic 
variability was caused largely by the wind field. 

The calculation of the sea level around tide 
gauges and in the open oceans was implemented as 
follows. Sea surface anomalies were averaged along 
segments of ascending and descending tracks near to 
the corresponding crossover point, with a temporal 
interval of 3 to 5 s, and a spatial interval of around 
10 miles. 
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Fig. 9: Variation of sea level along ERS-2 satellite track from 
model data calculation and from satellite altimetry for cycle 16; (a) 
track 017 (5 October 1996); (b) track 437 (3 November 1996). 



Hereinafter data from both tracks were integrated. 
Comparison of the satellite data and model result in 
the Stokmanovskoe gas field region (see Fig. 10) 
shows good agreement between independent data 
types despite the above mentioned remarks. 




Date, (year) 

Fig. 10 Interannual variation of sea level anomaly by results of 
model calculation and by satellite altimetry data ERS-1 and 
ERS-2 for the Shtokmanovskoe gas field region from the Barents 
Sea. 



5 Conclusion 

This analysis of sea level variations in the Barents 
and White Seas using tide gauge data, satellite 
altimetry data and results of model calculations 
showed a satisfactory reproduction of both synoptic 
and seasonal (and partly interannual) variability of 
the sea level. As a rule, the greatest errors occur in 
the winter months, which may be caused by an ice 
cover. 
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Abstract. The Altimetry mission on ENVISAT will 
extend the time series of observations started by 
ERS-1 and ERS-2. The new features of the RA2 
mission will improve the quality of the 
measurements in many aspects. The new on-board 
algorithms for tracking the surface, the larger range 
window and the extra low resolution mode will all 
improve data acquisition over the important ice 
sheet margins and over most land and wetland 
surfaces. New, in-situ ionospheric corrections from 
the dual frequency radar will be a significant 
improvement on the model-based corrections used 
in previous missions. The more precise DORIS 
orbit will improve the precision of all measurements, 
particularly in near real-time. The near real-time 
products are built with the same algorithms than the 
off-line final precision products, only some 
auxiliary input data may differ, thus providing 
already in 3 hours near-high quality Geophysical 
Data Record Products to support near real-time 
oceanography. 

Keywords. ENVISAT, Radar Altimetry, 
Microwave Radiometer, DORIS, Data processing 
Algorithms, Data products. Geophysical Data 
Records, Near real-time. 



1 Introduction 

The Radar Altimetry Mission encompasses four out 
of the ten instruments on board the European Earth 
Observation Satellite: ENVISAT (Environmental 
Satellite). The main objective of the ENVISAT 
Altimetry Mission is to ensure the continuity of the 
altimetric observations started with the ERS-1 
satellite in 1991 and continued by ERS-2, launched 
in 1995. The science mission objectives are similar 



to that of ERS but the length of the altimeter record 
will exceed 15 years and will permit to examine 
changes on inter-annual to decadal time scales of: 

• global and regional sea level 

• dynamic ocean circulation patterns 

• significant waveheight and wind speed 
climatology 

• ice sheet elevation, sea-ice thickness 
Another objective is to provide for the 

enhancement of the ERS mission, notably in ocean 
and ice missions, by improving the quality of the 
measurements and monitoring capabilities for: 

• Ocean mesoscale, significant wave height and 
wind speed in near real-time 

• Marine geophysics - Polar oceans 

• Ice sheet margins - sea ice 

• Lakes, wetlands and river levels 

• Land 

• Ionosphere, water vapor 

The ENVISAT Mission is part of a coherent 
European Earth Observation Programme ensuring 
the long-term provision of continuous data sets, 
essential for addressing environmental and 
climatological issues. As such, the ENVISAT 
Altimetry Mission is a contribution to international 
Earth Observation programmes such as 
International Geosphere Biosphere Programme and 
World Climate Research Programme. ENVISAT 
also aims at the promotion of applications and 
commercial use of Earth Observation data, namely, 
for Altimetry, the operational sea-state and ocean 
circulation forecasting. 

2 Oceanographic Applications 

The Ocean covers 70% of the Planet and plays a 
key role in regulating the global climate. The ocean 
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is the main reservoir for heat as well as a powerful 
vehicle to transport warm water masses poleward. It 
has the capacity to intake (but also reject) 
significant amounts of carbon dioxide, one of the 
greenhouse gases. It also supports a cost-effective 
type of transportation of goods, is a milieu where to 
discover new oil fields, is a feeding ground for fish 
and sea-food to nourish the ever-growing human 
population. The oceanographic mission objectives 
of ENVISAT are derived from the ERS results. To 
resolve low frequency signals in the ocean spectrum 
and to further understand oceanic processes a longer 
time series is however needed. The Oceanographic 
mission objectives of ENVISAT Altimetry are 
dynamic topography monitoring, mesoscale 
variability, seasonal and interannual variability, 
mean global and regional sea level trends, marine 
geophysics - especially in polar oceans even 
covered with sea-ice -, sea-state monitoring. The 
objectives are to be met with data products 
available either in near real-time (3 hours), in quasi 
near real-time (2-3 days) or with the highest 
precision off-line products. 

Seasonal and interannual variability has an 
important impact on climate. Planetary waves 
propagate from months to seasons across basins to 
adjust the ocean in response to wind forcing. 
Interannual variations of the seasonal or annual 
cycles have a direct and sometimes dramatic impact 
of the global climate, well illustrated by the El 
Nino-Southem Oscillation (ENSO) (Fig. 1). The 
data serve mainly to tune and evolve global ocean 




Fig. 1 Series of Sea Level Anomaly (cm) in the Tropical Pacific. 
Each row is one year -’97, ’98, ’99, ’00- with one sample of the 
sea level anomaly field at each season, by column: March, June, 
September and December. The strong El Nino Event of late ’97 
followed by a La Nina event is clearly visible. A film of such 3D 
vignettes helps the researcher “visualize” the wave propagation 
involved in such events. Each weekly field can be assimilated in 
an ocean model. (SLA data processed by R. Scharroo, DEOS, 
NL, graphics processed at ESA/ESRfN.) 



and atmosphere models, to better understand the 
ocean-atmosphere interaction and the underlying 
processes. 

The ocean is vast and hosts a full spectrum of 
signals. One orbiting satellite alone cannot pretend 
to cover that spectrum. There are significant 
advantages in merging the data from two or more 
Altimetry missions sampling the Earth with 
different orbital patterns. A good illustration is the 
enrichment in space resolution of the mesoscale 
variability field computed with merged data from 
ERS and TOPEX/POSEIDON (Fig. 2), which are in 
the same orbital configuration as ENVISAT and 
Jason [1]. 

3 Ice and Sea-Ice Applications 

Polar ice sheets and sea ice play a vital role in the 
global climate system due to both their 
effectiveness in reflecting incoming solar radiation, 
and as a huge store of freshwater. Sea Ice acts as a 
barrier between the ocean and the atmosphere, 
cutting off exchanges of heat, moisture and 
momentum. Brine expulsion during seasonal sea ice 
formation and intense cooling of the sea surface 
through polynyas drive the thermohaline circulation 
of the oceans. This process creates the dense bottom 
water in the Pacific, Indian and Atlantic Oceans. It 
is responsible for the poleward transport of heat in 
the North Atlantic, which ensures mild winters for 
Western Europe. 







Fig. 2 Root mean square of sea level anomaly (in cm) obtained 
from merged ERS and T/P data from October ‘92 to October ‘97. 
Note the high resolution of the map brought by the denser 
ground track mesh of ERS. (Courtesy of PY LeTraon, CLS.) 

This critical component of the climate system is 
not well represented in current climate models but 
is clearly important if accurate predictions of the 
consequences of global warming are to be made. 
Global warming is predicted to be greatest in the 
Arctic region. If Arctic sea-ice is lost, it could 
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change the circulation pattern of the North Atlantic 
resulting in severe winters for Western Europe. 
Melting of the Greenland and Antarctic ice sheets 
would contribute to global sea level rise. 

The vast, remote and inhospiTable polar regions 
can only be effectively monitored through a global 
remote sensing system. Polar regions experience 
between 50 and 90% cloud cover and spend long 
periods in darkness, which limits the observations 
of optical and thermal infrared instrument. However, 
this task is particularly well served by satellite- 
borne active Radar instruments. 




Fig. 3 Rate of elevation change of the lower 200km of the Pine 
Island Glacier. The coloured dots are located at crossover points 
and have an area equal to the RA footprint. The grey shading is 
the velocity field derived from ERS SAR data. (Produced at 
MSSL/UCL.) 

Techniques developed using the ERS Radar 
Altimeters have allowed the monitoring of ice sheet 
mass balance and the derivation of sea ice thickness 
through the measurement of freeboard. Continuous 
Altimetric measurement of the Antarctic ice sheet 
since 1992 has revealed for the first time a 
significant thinning of a West Antarctic glacier (Fig. 
3).The Pine Island Glacier has retreated and thinned 
inland by as much as 10 metres. It is important to 
continue this monitoring with the ENVISAT RA-2 



to establish if this retreat will accelerate the mass 
discharge from the West Antarctic Ice Sheet. 

Balance velocities, i.e., depth-averaged velocity 
required to maintain the ice sheet in a state of 
balance at a given point for a given surface mass 
flux, have been estimated over the Antarctic 
grounded ice sheet using ERS altimeter data (Fig. 
4). Balance velocities depend mainly on the surface 
slope and is modulated by surface mass balance and 
ice thickness. Their study contributes to the 
understanding of ice sheet dynamics and their 
response to climatic forcing. 




Fig. 4 Balance velocities estimated from ERS Altimeter. 
(Produced by F. Remy, LEGOS) 

Sea-ice thickness can be sampled using moored 
or submarine mounted Upward Looking Sonar 
(ULS). Moored ULS are only sampling a fixed 
location and Submarines tend to sample limited 
areas for only a few weeks each year. This is not 
sufficient to deduce full regional and seasonal 
variations. Freeboard measurement by satellite is 
the only technique which can measure sea ice 
thickness at the time and length scales that climate 
investigation demands. The technique has been 
developed using ERS Altimeter data, verified using 
the ULS measurements and implemented in the 
ENVISAT RA-2 ground processing. Results from 
ERS suggest that the recently reported thinning of 
Arctic sea ice may be localised (Fig. 5). Continued 
monitoring by the ENVISAT RA-2 is critical to 
establish long term trends.The ENVISAT Altimetry 
mission will extend and improve the monitoring of 
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Fig. 5 A comparison between RA derived sea ice thickness (m) 
and sparse measurements from Upward Looking Sonar on 
submarines (dots). Both sets of measurements are from October 
1996. (Produced at MSSL/UCL.) 

the cryosphere in the climatically important polar 
regions. 

4 Land Applications 

Over land the Radar Altimeter echoes have a non- 
predicTable shape. This is why this field of 
applications has slowly and painstakingly matured. 
A remarkable result from the ERS-1 Geodetic phase 
is the Altimeter Corrected Elevation Model ACE [2] 
which replaces more than 28 % of the most precise 
Global Digital Elevation Model (GDEM), GLOBE 
[3], with an altimeter derived height dataset and 
corrects another 17 % (Fig. 6). The ENVISAT 
Altimeter, even if it will not fly an orbit as dense as 
the ERS-1 Geodetic mission, will enhance this 
result in terms of accuracy and new areas never 
measured before. The ACE newly generated 
product, released end February 2001, is part of the 
Market Development Programme within the ESA 
Earth Observation Envelope Progranune. 

Another Land application that has been 
painstakingly attempted since SeaSat is river and 
lake levels monitoring. Radar Altimetry is a 
powerful tool for this application as it unifies all the 
worldwide river and lake level measurements, even 
the ones most remote or inaccessible, with a unique 
gauge. Being able to measure the global river levels, 
be it only once or twice a month would be a 
significant contribution to Hydrology. 




Fig. 6 This figure compares the ERS altimeter derived map 
(ACE) of part of the Amazon basin together with the GLOBE 
map of the same area (73-68W, 11-6S). Note the 100m contours 
in the GLOBE histogram and the fine detail -rich histogram- in 
ACE. (Produced by Prof. Ph. Berry, De Montfort University, UK) 




Fig. 7 River echoes superimposed on high-resolution ERS-1 
Altimeter derived topography and river network. The plot shows 
a 11x12 degree square of South America containing part of the 
Amazon basin (15-4S, 75-63W) with the ACE GDEM heights 
(high: yellow through red low: green to dark blue) overlaid with 
ERS-1 Geodetic Mission “water type” returns in sulphur yellow. 
Note that this part of the ACE GDEM is totally derived from 
Altimetry, which has provided a huge increase in spatial and 
vertical resolution over previous GDEM models for this region 
rich in river networks. (Produced by Prof. Ph. Berry, De 
Montfort University, UK) 

Its has been demonstrated with ERS Altimeter that 
echoes from an inland water surface are clearly 
discernible and convertible to river or lake levels. 
The inclusion of an Ice mode on ERS 1 and ERS 2 
has led to a huge increase in the percentage of the 
Earth's land surfaces from which valid altimeter 
echoes have been obtained. This has also resulted in 
coverage of the majority of the world's river 
systems, raising the exciting possibility of a ten- 
year time series of river height data. The inclusion 
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of a third tracking mode on ENVISAT should 
further increase the land hydrology potential of 
Altimetry with even greater river coverage, as well 
as continuing the hydrology time series. To 
illustrate the ERS/ENVISAT contribution, Fig. 7 
shows part of the Amazon river system, with 35-day 
river crossings from ERS-2 superimposed on an 
altimeter derived rivers map. 

5 ENVISAT Radar Altimetry Mission 
Characteristics 

ENVISAT will cover high latitude ocean, ice sheet 
and land surface areas not covered by 
TOPEX/POSEIDON, GEO or Jason. The 35-day 
repeat cycle, on same ground track as ERS-2, 
allows for dense cross-track spacing and optimum 
synergistic combinations with the simultaneous 
operating Jason/GFO altimetric missions for a wide 
range of applications. This advantage has clearly 
been demonstrated from the current ERS missions, 
together with data from TOPEX/POSEIDON [4]. 
The ENVISAT orbit characteristics are reported in 
Table 1. 



Table 1. 



ENVISAT Orbit Characteristics 


orbit type: 


sun synchronous 


ascending node: 


22:00 MLST 


inclination: 


98.5° 


altitude: 


~ 800 km 


orbits per day: 


14 11/35 


repeat period: 


35days 
(501 orbits) 


ground-track spacing: ~80km 

at Equator 


ground-track repeat: ±1 km 



6 The Radar Altimetry Payload 

The Altimetry set of instruments is composed of: 

RA-2: multi-resolution, self-adaptive, dual- 

frequency radar altimeter; 

MWR: dual frequency nadir viewing microwave 

radiometer; 

DORIS: dual frequency Doppler tracking system 

for orbit estimation. 

LRR: Laser retro-reflector for tracking. 

7 The ENVISAT Radar Altimeter 



RA-2 belongs to a new generation of radar 
altimeters. One of the major improvements of the 
RA-2 with respect to ERS RA is its second 
frequency (3.2 GHz, S-Band) for compensation of 
delay due to ionospheric electron density. It is 
designed for low height noise (Pulse repetition 
frequency of 1795 Hz) and improved waveheight 
accuracy with two additional bins on the echo 
leading edge. Its tracking follows a novel strategy 
allowing for a robust on-board collection of 
accurately quantified radar echoes over all surfaces: 
a new feature is the Model Free Tracker, robust at 
handling non-ocean like echoes, sampled over 128 
bins. RA-2 has three different range resolutions 
adapted to different scenarios (ocean, ice sheets, sea 
ice, wetlands, ice edge, land) and thus to avoid 
losing track. Whereas previous altimeters had data 
dropouts in difficult terrain areas, RA-2 will remain 
longer in tracking, providing valuable data for 
applications involving ice edges, land, lakes, 
wetlands, coastal zones. The switching is controlled 
autonomously. RA-2 has the capability to preserve 
a small amount of individual echoes (unaveraged 
echoes, at 1795 Hz). These echoes will allow 
engineering and scientific studies. 



Table 2. RA-2 has three different resolution modes 



bandwidth 


resolution 


range window 


(MHz) 


(m) 


(m) 


320 


0.5 


64 


80 


2 


256 


20 


8 


1024 



No geophysical parameter estimation is performed 
on-board where computer resources are limited and 
fully dedicated to collecting high quality echoes, so 
retracking is applied on-ground to create each 
product, including the ones delivered in near real- 
time. To optimise retrieval for each kind of surface 
the waveforms are processed in different 
complementary manners: four retrackers -ocean, 
sea-ice, icel, ice2 - are run in parallel all the time 
(over all surfaces). Their outputs are delivered in 
the Geophysical Data Record product (GDR) and in 
the waveform product (SGDR). Land echoes are so 
complex, diverse and unpredicTable that they 
cannot be handled by a single retracker: the land 
applications users will access the waveforms. For 
more details in instrument operation and 
performance see [5]. 

8 The ENVISAT Microwave Radiometer 
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The primary mission of ENVISAT MWR is the 
determination of tropospheric water vapour path 
delay correction for RA-2. Additional applications 
of MWR data include surface emissivity, ice sheet 
dynamics, sea-ice mapping, land surface 
temperature, but imaging radiometers are most 
likely used for these applications. The ENVISAT 
MWR has the same concept and specification as the 
two ERS MWRs, but it has a new design and shares 
the Instrument Control Unit with DORIS, (was 
ATSR on ERS). It is a Dual frequency, Dicke 
radiometer (1 kHz switch frequency), near-nadir 
viewing using offset parabola antenna and two 
feeds. The parabola is fixed, whereas it needed 
deployment on ERS. The MWR characteristics are 
given in Table 3. 



Tables. MWR Characteristics 



Frequency: 


23.8 GHz 


36.5 GHz 


Bandwidth: 


400 MHz 


400 MHz 


Polarisation: 


Linear 


Linear 


Integration 


150 ms 


150 ms 


Dynamic Range: 


3-313K 


3-313K 


Footprint Size: 


20.5 km 


19.2 km 


Footprint Centre: 


25km behind 


35 km ahead 


Sensitivity: 


0.6 K 


0.6 K 


Accuracy: 


<3K 


<3K 


Data Rate: 


1 0.427 kbps 



The calibration is based on a sky-hom (cold load) 
and an internal hot load. It is performed about twice 
a minute, or less on demand. All MWR 
measurements are delivered in the RA-2 products; 
hence they are called RA-2/MWR data products. 
For more details bout the RA-2/MWR data 
products see Benveniste et al. [6]. 

9 DORIS on ENVISAT 

The DORIS system (Doppler Orbitography and 
Radiopositioning Integrated by Satellite) was 
developed by CNES (Centre National d'Etudes 
Spatiales), IGN (Institut Geographique National) 
and GRGS (Groupe de Recherche en Geodesie 
Spatiale) to meet science and operational user 
requirements in very precise orbit determination. 
DORIS is an uplink radio system based on the 
Doppler principle. It measures relative velocity 
between the orbiting satellite and a dense, 
permanent network of ground based beacons. The 
basic principle of the DORIS system is explained in 
[7]. A discussion of the role of DORIS to realize the 
full potential of Altimetry may be found in [8]. 

For ENVISAT, the accuracy of the real-time 
orbit provided by the DORIS/DIODE 



("Determination Immediate d'Orbite par Doris 
Embarque") onboard software has been estimated at 
the level of 40 cm from various simulations of the 
radial component. It is expected that the 30 cm level 
will be reached using an upgraded version of the 
software. The altimeter near-real-time products will 
benefit from such a high quality real-time orbit. 

The accuracy of the radial component of the 
offline precise orbit has been specified at the level 
of 10 cm. Even more challenging, a figure of 3 cm 
has often been quoted as a goal. Experience gained 
with TOPEX/POSEIDON and the SPOT satellites 
concerning precise orbit determination as well as 
simulations indicate that the 10 cm specification 
will be reached with no major difficulty, whereas 
the 3 cm goal is a challenge that the ENVISAT 
Precise Orbit Determination (POD) team will 
actively participate in. Interactions with the Jason- 1 
POD group as well as with teams of other geodetic 
missions (e.g. CHAMP, GOCE, GRACE) will help 
optimising the performances of the orbit 
computation using DORIS and laser tracking 
measurements. 

10 The ENVISAT Laser Retro-Reflector 

A Laser Retro-Reflector is mounted on the Earth 
facing panel close to the RA-2 antenna to support 
satellite ranging for precise orbit determination and 
RA-2 range measurement calibration. Laser 
tracking provides the distance between the 
spacecraft and the station and is assimilated in 
precise orbit determination. It will be extensively 
used during the commissioning phase and regularly 
during the mission to verify the stability of the 
positioning system. 

The LRR is a passive device that will be used as 
a reflector by ground-based laser ranging stations 
using high power pulsed lasers. The operating 
principle is to measure on ground the round-trip 
time of laser pulses reflected from the LRR. LRR is 
composed of comer-cubes which are designed to 
reflect the incident laser beam back directly, 
making the reflected beam parallel to the incident 
beam within a few arcseconds. The comer-cubes, 
made of the highest quality fused silica, work in the 
visible spectmm at two specified wavelengths 
(1=694 nm and 1=532 nm). The corner-cubes are 
symmetrically mounted on a hemispherical housing 
with one nadir-looking comer-cube in the centre, 
surrounded by an angled ring of eight comer-cubes. 
This will allow laser ranging in the field of view 
angles of 360° in azimuth and 60° elevation around 
satellite’s nadir. The mass of the LRR is 2 kg. The 
LRR was developed by Aerospatiale. 
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11 RA-2/MWR Data Products 

Based on the experience drawn from the ERS 
missions, significant improvements are built into 
this new generation of altimetric products, 
particularly for the enhanced quality of the near 
real-time observations, which becomes nearly as 
precise as the final precise product. The product 
specification process has included a large 
consultation of users of ERS and 
TOPEX/POSEIDON altimetric data. Further 
product refinement and state-of-the-art algorithm 
specification were done in the framework of three 
European Expert Support Laboratories (ESL), 
Alenia Aerospazio (I), Collecte Localisation 
Satellite (F) and Mullard Space Science Laboratory 
(UK). The algorithm specifications have been 
validated by prototyping within the ESL. Once 
verified, ESL prototypes became reference 
processors to produce test data sets designed to 
validate the ground segment instrument data 
processing facility (IFF). Moreover, the RA-2 and 
MWR products and algorithms were peer-reviewed 
by dedicated experts and were the subject of an 
open review at the ENVISAT Altimetry Products 
and Algorithms Review Workshop held in 
ESA/ESRIN in June 1999. 

The ENVISAT RA-2 and MWR Data Products - 
already available in near real-time - will have a 
global coverage, the wet tropospheric correction 
from the microwave radiometer and the ionospheric 
correction from the two frequencies, as well as 
many other improvements coming from the novel 
design of second generation Radar Altimeter. The 
near real-time processing is comprehensive and 
runs the same algorithms as for off-line products, 
only the availability and quality of auxiliary data 
differ. 

The suite of products is based on one main 
Geophysical Data Record product (GDR). The 
ENVISAT general product format is exploited to 
add sub-structure inside the product to hold 
additional data such as the averaged waveforms (at 
1 8 Hz), the individual waveforms (at 1 800 Hz) and 
the Microwave Radiometer data set. Thus, the 
waveform data product (SGDR) is a superset 
containing the same geophysical data records than 
the GDR with waveform data sets appended. 
Moreover, these products are global, independent of 
the sub-satellite terrain and of the radar altimeter 
measurement resolution mode, thus avoiding 
artificial boundaries between geographic features 
like land-sea, land-ice or land-lake transitions and 
ensuring that ocean, land, ice, lake or wetlands data 



always ends up in the same (unique, global) data 
product. 




Fig. 8 ENVISAT RA2/MWR Product Tree 



Another product called Fast Delivery GDR 
(FDGDR) is delivered once in less than three hours, 
for weather forecasting, sea-state and real time 
ocean circulation applications. An ocean-related 
parameters subset of the FDGDR, called FDMAR 
(for Marine Abridged Record) is extracted to reduce 
the volume of on-line data transfers. FDMAR is 
converted in the so-called BUFR format commonly 
used by meteorological offices. Then the GDR 
product is delivered again in less than 3 days, called 
Interim GDR (IGDR), for ocean circulation 
monitoring and forecasting applications, 
substituting the meteo predictions for the more 
precise analyses and the preliminary orbit for an 
improved orbit solution. The final GDR and SGDR 
products containing the most precise instrument 
calibrations and orbit solution are delivered after 30 
days (not more than 50 days). The schematic in fig. 
8 summarises the organisation, the relationship and 
latency of the products generation. The terminology 
used to name products is based on the nomenclature 
traditionally used in Altimetry. The product names 
are stored in the first field of the specific product 
header. ENVISAT products are also identified in 
the ground segment by product IDs. 

The ENVISAT products are categorised in three 
distinct levels: 

Level 0 (raw): unprocessed data as it comes 
from the instrument. 

Level lb (engineering): data converted to 
engineering units, with instrumental calibration 
applied (IF filter -corrects power distortions of 
echo waveforms-, internal range calibrations. 
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corrections for possible drift of reference 
timing source, no retracking); the product 
segmented in half-orbit (pole-to-pole) mainly 
contains datation (conversion of satellite time 
to UTC) geolocation, time delay, orbit (<50 cm 
near-real-time to ~3 cm off-line), sigma-zero, 
averaged waveform samples at 18 Hz data rate, 
individual waveform at full pulse repetition 
frequency and MWR brightness temperatures. 

• Level 2 (geophysical): data converted to 
geophysical units (with retracking); the product 
mainly contains datation, geolocation, output 
from retrackers (range, wind speed, significant 
wave height, etc.), at 1 Hz plus some 18 Hz 
parameters (range, orbit). All geophysical 
products, including the near real-time products, 
are retracked (waveforms data are fully 
processed in the ground processor to extract the 
geophysical parameters). In order to retrieve 
the geophysical parameters over all types of 
surface (ocean, ice, sea-ice, etc.), four 
specialised retrackers are run in parallel all the 
time (over all surfaces) :- 

• Ocean retracker: optimised for ocean 

surfaces, it is based on a modification of the 
Hayne model [9], 

• Ice 1 retracker: optimised for general 
continental ice sheets, it is a model-free 
retracker called Offset Centre of Gravity 
echo model; it is used for ERS and will 
ensure continuity of the measurements [10], 

• Ice 2 retracker: optimised for ocean-like 
echoes from continental ice sheet interior, it 
is a Brown-based model retracking algorithm 
[ 11 ], 

• Sea-Ice retracker: optimised for specular 
returns from sea-ice, it is a threshold 
retracking scheme for peaky waveforms [12]. 

The usual necessary geophysical corrections are 
available in the level 2 products. The ionospheric 
correction will come from the dual-frequency 
altimeter, backed-up by the measurements from 
DORIS and the Bent model. The wet tropospheric 
correction will come from the on-board microwave 
radiometer, backed-up by a value computed from 
European Center for Medium-range Weather 
Forecast (ECMWF) fields. Users requiring the 
altimeter waveforms will find them conveniently 
stored in the level 2 SGDR product along with the 
collocated geophysical corrections and the output of 
the four retrackers. In other words, the SGDR holds 
the GDR data augmented by averaged and 
individual waveforms. Therefore, users of 



ENVISAT altimetry need not access the level IB 
products. 

The Fast Delivery data (FDGDR) will be 
processed in the receiving stations and delivered in 
less than 3 hours. The Interim Geophysical Data 
Record (IGDR) and the final precision Geophysical 
Data Record (GDR) products will be processed off- 
line at the French Processing and Archiving Centre 
(F-PAC) in Toulouse with the same algorithms than 
the Fast Delivery processor. The SGDR is also built 
at F-PAC. 

The main objective of the ENVISAT system is to 
provide required geophysical data products to the 
users. The ENVISAT User Services is the unique 
interface to the user community. The User Services 
will register data requests, both fast delivery and 
off-line, and organise the acquisition, processing 
and products delivery. It is accessible using a 
WWW browser via a Unified User Services 
Interface. This means that users will be able to 
access ENVISAT data services at any station or 
centre via an identical user interface. Following the 
new data policy, the use of Earth Observation data 
for scientific purposes is granted a special status: 
Category 1. Category 1 users are invited to submit a 
research project proposal, at any time, via the web 
site http://projects.esa-ao.org (the new data policy is 
detailed herein). All other users, called Category 2, 
are invited to contact the commercial distributors. 
Sample data, covering the whole suite of RA- 
2/MWR products, have been distributed on CD- 
ROM, including a web-browser based displaying 
tools, ENVIVIEW. A batch (no graphical user 
interface) read-write software in C, FORTRAN and 
IDL, containing all the RA-2/MWR data sets 
structure is also available on demand. 

12 Conclusion 

The ENVISAT radar altimetry mission, including 
its support instruments, MWR, DORIS and LRR, 
will meet a myriad of mission objectives, ranging 
from oceanography to land applications. The new 
generation radar altimeter has in store many new 
capabilities to enhance the quality of the 
measurement - second frequency, additional echo 
sampling near the leading edge for a more accurate 
reading of waveheights - and make new 
measurements over difficult terrain never obtained 
before- three resolution modes, autonomous 
switching. The Geophysical Data Record (GDR) 
products are built from four specialised retrackers 
running in parallel over all surfaces. They are 
global with no artificial boundaries and are common 
to the waveform product (SGDR). The data 



258 




The ENVIS AT Radar Altimeter System 



coverage is up to 81.5°N and S in a dense ground 
track layout (35-day repeat cycle). The ENVISAT 
ground system delivers global near real-time data in 
less than 3 hours. These are already of near GDR 
quality as they are built running the same 
algorithms as the final precise GDRs. They contain 
the good quality orbit produced in real time by the 
DORIS Navigator and the MWR corrections and 
will permit accurate real-time monitoring of global 
oceanographic signals, contributing to major near 
real-time applications as the Global Ocean Data 
Assimilation Experiment (GODAE). 

The full exploitation of the data from RA-2 
demands high-quality absolute calibration at Ku and 
S bands for the three instrument parameters as well 
as a very accurate cross-calibration with previous 
altimeter data during overlapping flights. The 
objective is to provide the user community with a 
continuous and consistent altimetric time series. 
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Abstract. Relative comparisons of satellite alti- 
meter observations and sea level registrations at tide 
gauges have been particularly important to evaluate 
the long-term stability of satellite altimetry. Here, 
absolute comparisons between both time series are 
used to estimate the displacement between the geoid 
and the conventional height system, initially defined 
without any knowledge about the sea surface 
topography. The method is applied to the La Guaira 
tide gauge used to define the origin of the height 
system of Venezuela. The absolute comparison 
includes the determination of a local high resolution 
gravimetric geoid, the processing of the tide gauge 
time series with hourly sampling rate, the extra- 
polation of multi-mission altimeter data towards the 
tide gauge location and the geocentric positioning 
of the tide gauge bench mark by GPS. For the 
period 1992-2000, the altimetric time series and the 
tide gauge time series show a correlation of 0.85, a 
mean absolute offset of 3 cm and differences with ± 
5 cm RMS. Taking into account the secular rate of 
mean sea level change, the Venezuelan height 
system is estimated to be -10 cm below the local 
geoid. This value agrees with the -8 cm displace- 
ment between the geoid and the national vertical 
datum referred to the geocentric system by GPS and 
leveling measurements. The investigations are a 
step towards the unification of national height 
systems in South America. 

Keywords. Altimetry, Tide Gauge, Sea Level 
Time-Series, Geoid 



1 Introduction 

Direct intercomparisons of altimetric heights with 
in situ sea level data from tide gauges have been 
reported, for example, by Christensen et al. (1994), 
Mitchum (1998), Chambers et al. (1998) and others. 
These investigations were able to access and 
validate the long-term stability of altimeter data. 



Here it is shown that such comparisons can also be 
useful to estimate the displacement between the 
global height reference surface (geoid) and the local 
realization of mean sea level used to establish the 
reference surface (vertical datum) of a national 
height system. 

The difference between the local mean sea level 
and the geoid is called sea surface topography 
(SSTop). The SSTop depends on oceanographic and 
meteorological factors (salinity, temperature, 
pressure, wind etc.). Its magnitude is about ± 2 m. 
Due to changes in water density and meteorological 
conditions the SSTop also shows temporal 
variations with long and short periods on different 
spatial scales. 

In general, the SSTop is not considered in the 
definition of the conventional vertical datum 
because realization of mean sea level is assumed to 
coincide with the geoid. This introduces a systema- 
tic displacement of national height systems relative 
to the geoid. 

If the geoid is known with sufficient accuracy 
and resolution, the SSTop can be estimated in the 
tide gauge area by means of satellite altimetry and 
compared with the local definition of the vertical 
datum to determine the magnitude of the displace- 
ment. Such an absolute comparison requires that the 
tide gauge zero point (Pq) has been linked to a 
geocentric system by GPS positioning. 

The paper presents a method for the absolute 
comparison of sea level time series obtained by 
multi-mission altimetry and tide gauge registrations. 
The method is applied to the La Guaira tide gauge 
in Venezuela. The results are used to estimate the 
displacement between a high resolution gravimetric 
geoid model and the Venezuelan vertical datum 
defined by a long-term average of tide gauge 
registrations at La Guaira. 

2 Location and Data 
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The tide gauge is located at the central coast of 
Venezuela, in the port of La Guaira (Fig. la). Here, 
the continental shelf extends only 20 km into the 
Caribbean Sea. This situation is convenient because 
sea level registrations are not disturbed by shallow 
water effects. In addition, this facilitates the 
monitoring of pronounced spatial and temporal 
variability known for the semi-enclosed basins like 
the Caribbean Sea (Carton and Chao, 1999). 
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Fig. 1 Location of La Guaira tide gauge and GPS measurements 
at GUA2 TGBM. 

There are two subsatellite tracks from both, TO- 
PEX/Poseidon and the ERS-1/2 satellites that are 
nearly coinciding with the La Guaira tide gauge 
(Fig. 2). The orthogonal distance from the tide 
gauge to the tracks is about 5 km. This makes the 
tide gauge an ideal location for the comparison with 
sea level time series from satellite altimetry. 

2.1 Tide Gauge Registrations 



For the generation of the altimetric time series the 
corrected sea surface heights CORSSHs from 
AVISO (1998) were used for TOPEX/Poseidon 
(T/P), ERS-1 and ERS-2 during the period of the 
tide gauge registrations (Fig. 2). The altimeter data 
were corrected not only for geophysical effects, 
atmospheric propagation delays and instrumental 
errors, but also orbital errors and, therefore, refer to 
a consistent vertical system which allows their 
combined use in sea level analysis. 
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Fig. 2 Geographical study region. TOPEX/Poseidon and ERS- 
1/2 trajectories as well as GPS/leveling stations near the La 
Guaira tide gauge. 



La Guaira is the principal tide gauge in Venezuela. 
It was installed in February 1948 and worked with 
an analog registration system until October 1998. 
Since then it operates with a digital instrument. The 
mean sea level (MSL) in La Guaira, based on 
averaging 19 years of observations during the 
period 1953-1971, defines the origin of the present 
heigth system of Venezuela. 

For this investigation, hourly tide gauge registra- 
tions for the period 1992-2000 were used. They 
were provided by the IGVSB (Instituto Geogrdfico 
de Venezuela Simon Bolivar). 

Unfortunately, the time series is not continuous. 
The change of the recording device in 1998 caused 
data losses and reference level offsets that are 
handled by a careful reconstruction process (see 
Section 3.3). 

2.2 Altimeter Data 



2.3 GPS Measurements 

In order to link the tide gauge zero point to the geo- 
centric system, double frequency GPS measure- 
ments were performed on a benchmark (BM) of the 
tide gauge vertical control net (Fig. lb). The 
measurements were carried out in three 12 hour- 
sessions with an ASHTECH Z-Surveyor equipment 
in April 2002. Geodetic leveling between the BM 
and the Pq in La Guaira complete the link (see Fig. 
3). 

3 Processing and Analysis 

3.1 Survey on the Applied Methods 

The most critical issue for the absolute comparison 
of altimeter time series and tide gauge registrations 
is the fact that direct altimeter observations at the 
tide gauge location itself are not available. This is 
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because the radar echo of the altimeter is in general 
corrupted as soon (or as long) as the footprint (the 
reflecting area) includes land surface. This implies a 
necessary extrapolation of the altimeter measure- 
ments towards the tide gauge position (Fig. 3). This 
extrapolation is here performed by means of a local 
high resolution geoid, specifically generated for this 
study. Details for the geoid determination are 
described in section 3.2. 




Fig. 3 Principle of the extrapolation of altimeter data towards 
tide gauge position. (Acuna et al., 2002a) 



The absolute comparison of the altimetric sea 
level time series and the tide gauge registrations 
then consist of three stages: 

(a) Processing of the tide gauge data: For the period 
covered by altimetry inconsistencies in the hourly 
tide gauge registrations were first repaired by 
harmonic analysis and Least Squares Collocation - 
LSC (Moritz, 1980). The repaired series was then 
reduced to daily values using a convolution filter. 
With the ellipsoidal height of Pq, obtained by GPS 
and leveling, the tide gauge series is referred to the 
geocentric system, compatible with altimeter data. 
For details see section 3.3. 

(b) Generation of the multi-mission altimetric sea 
level time series: TOPEX/Poseidon and ERS-1/2 
altimeter data around the tide gauge are reduced by 
geoid heights and the stationary or permanent sea 
surface topography (SSTops). The geoid (N) is 
obtained from the new high-resolution local 
gravimetric model (see section 3.2), while the 
SSTops is derived by weighted means of all 
differences CORSSH-N that could be performed 
within the period 1992-2000. The residual signal, 
the dynamic or temporal sea surface topography 
(SSTopd), is modeled by LSC and extrapolated 
towards the position and times of the daily tide 
gauge registrations. The final series is obtained 
restoring the contributions of the geoid and the 
stationary sea surface topography (Fig. 3). The 



and Tide Gauge Registrations in Venezuela 

analysis of the altimetric sea level time series is 
described in detail in section 3.4. 

(c) Absolute comparison: both sea level time series, 
referenced to a common geocentric system (ITRF/- 
GRS80) are directly compared, considering correla- 
tion, RMS and trend of their differences. Absolute 
comparisons with other reference surfaces defined 
in the tide gauge (local geoid, EGM96, mean sea 
levels) are also performed. See section 3.5 for 
details. 

3.2 Geoid Determination 

The extrapolation of the altimeter data towards the 
tide gauge position requires a precise, high- 
resolution geoid model. Therefore, a gravimetric 
geoid model with VxV resolution has been 
calculated for the La Guaira area, improving the 
quality of previous geoid determinations. The 
model, called LGGGM (La Guaira Gravimetric 
Geoid Model), was specifically calculated for this 
study and covers an area of 3°x3° as shown in Fig. 
4. An additional zone of 0.5° width was considered 
to avoid boundary effects. 36322 free-air gravity 
anomalies on land and marine areas were used. 
They originate from PD VS A (Petroleos de 
Venezuela S.A.), BGI (Bureau Gravimetrique 
International) and the GEODAS data base of 
NGDC (National Geophysical Data Center). To 
increase the resolution in marine areas, VxV gravity 
anomalies derived from altimetry (Sandwell and 
Smith, 1997) were also included. 

All data was standardized and referred to the 
IGSN71/GRS80. Atmospheric effect on the gravity 
anomalies were removed according to (Moritz, 
1992). The EGM96 global geopotential model 
(Lemoine et al., 1998) was used as reference and 
determined the long wavelength geoid signal. The 
short wavelength contributions were derived from a 
digital model that includes land elevations and 
bathymetry with resolutions of 30" [GTOPO30 
model (USGS, 1997)] and 2’ [S&Sv8.2 model 
(Smith and Sandwell, 1997)], respectively. 

Using the GRAVSOFT software (Tscherning et 
al., 1992), the geoid undulations were computed 
with the remove-restore technique. This technique 
splits both, the observed gravity anomalies Ag 
(remove) and the corresponding geoid undulations 



N (restore) in three components. 




= AgEGM96 + AgRTM + AgRES 


(1) 


N = NegM96 + Nrtm + Nres 


(2) 
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where the subscript EGM96 indicates contributions 
of the global geopotential model, the subscript 
RTM indicates contributions of the terrain residual 
effects and the subscript RES denotes local residual 
components, not accounted for by the previous 
contributions. 

The RTM contributions have been calculated 
through prism numeric integration taking into 
account the topographic anomalies relative to a 
mean height surface of 15'xl5' resolution. This 
surface was obtained applying a moving average 
filter on the entire digital model of the region. 

The contribution Nres was calculated by conver- 
ting the residual gravity anomalies to residual geoid 
undulations through evaluation of the Stokes 
integral with spherical approximation. After 
gridding the residual gravity anomalies by ESC, the 
residual geoid undulations were obtained by a 
multi-band two-dimensional spherical Fast Fourier 
Transform (2D-FFT), with 100% zero padding to 
limit the periodicity errors of EFT (Forsberg and 
Sideris, 1993). Statistics of the LGGGM compo- 
nents are presented in the Table 1. 



Table 1. Statistics of LGGGM (Ag in mgals, N in meters). 





MIN. 


MAX. 


MEAN 


STD. 


AgoBS 


-140.12 


238.74 


0.08 


26.28 


AgEGM96 


-207.93 


107.52 


2.89 


59.32 


AgRTM 


-64.83 


123.26 


-1.65 


19.52 


AgRES 


-138.84 


151.24 


-0.78 


24.75 


NeGM96 


-40.56 


-13.37 


-23.50 


6.31 


Nrtm 


-0.62 


1.05 


0.12 


0.24 


Nres 


-1.38 


1.54 


-0.08 


0.46 


N 


-40.92 


-14.07 


-23.99 


6.21 
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Fig. 4 LGGGM gravimetric geoid model. 

models were also carried out. 

For each GPS/leveling point, the differences 
dN=hGPs-HLEv-NMOD were formed with Nmod 
representing the geoid undulations of LGGGM, 
EGM96, CARIB97 (Smith and Small, 1999) and 
GEOIDVEN (Hoyer et al., 2002b). Likewise, 
differences dN=CORSSH-NMOD were calculated for 
the altimeter data. 

Tables 2 and 3 show the statistics of the results. 
The LGGGM accuracy is indicated by standard 
deviation of ± 21 cm on land and ± 15 cm at sea, 
similar to CARIB97 and superior to EGM96 and 
GEOIDVEN. 



In marine areas the undulations of equation (2) 
were completed by the mean sea level deviations of 
POCM (Stammer et al., 1996), an oceanographic 
model of the ocean dynamic topography. The ocean 
topography was neither considered in the generation 
of the altimeter gravity anomalies nor in the 
reductions of the gravity observations in marine 
areas. This final step leads to a mean synthetic sea 
surface best suited for the comparison with 
altimetry. 

3.2.1 Validation of LGGGM 

38 GPS/leveling points, measured during a 
project for the geoid determination in Venezuela 
(Hoyer et al., 2002a) and 33624 CORSSH altimeter 
observations (Fig. 2) were used to validate the 
LGGGM geoid model on land and at sea, 
respectively. Comparisons with other geoid 



Table 2. Validation of LGGGM on land using 38 GPS/leveling 



Geoid 

Model 


dNmax 

[ml 


dNmin 

[ml 


dNmean 

[ml 


StD. 

[ml 


EGM96 


1.17 


-0.74 


0.13 


0.39 


CARIB97 


0.58 


-0.68 


-0.07 


0.23 


GEOIDVE 


0.71 


-1.21 


-0.26 


0.41 


N 

LGGGM 


0.67 


-0.41 


0.03 


0.21 



Tables. Validation of LGGGM at sea using 33624 CORSSH 
altimeter observations. 



Geoid 

Model 


dNmax 

[m] 


dNmin 

[m] 


dNmean 

[m] 


StD. 

[ml 


EGM96 


2.33 


-1.24 


0.21 


0.62 


CARIB97 


0.72 


-1.19 


0.01 


0.15 


GEOIDVE 


3.76 


-6.01 


-0.08 


0.72 


N 

LGGGM 


0.67 


-1.05 


0.05 


0.15 
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The Fig. 5 shows the comparison of altimeter 
observations with the LGGGM+POCM synthetic 
sea surface for the descending pass 076 of TOPEX/- 
Poseidon (This pass, highlighted in Fig. 2, is 
closest to the tide gauge location). The excellent 
agreement between the synthetic sea surface and the 
altimeter data is evident. 
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Fig. 5 TOPEX/Poseidon 076 pass and the synthetic sea surface 
(LGGGM+POCM). 



3.3 Analysis of La Guaira Tide Gauge Data 



where represents the mean sea level at the tide 
gauge, hi{t) its time variation, Hj, and cOk the ampli- 
tude and frequency for each one of the 145 tide 
constituents k, I 4 the argument or astronomical 
phase, fk(t) and Uk(t) the nodal modulation factors 
depending on the longitude of the lunar node and Gj, 
the phase lag relative to Greenwich (Le Provost, 
2001 ). 

An example of the harmonic analysis for April 
1995 is shown in the Fig. 6c. During that period, 
semidiurnal tides are dominant. The differences 
between observations and the harmonic model have 
± 4 cm RMS. 

Comparing the original readings with the harmo- 
nic model allows to detect and correct for 
anomalous offsets. In addition, LSC was applied to 
predict residuals such that missing data hsLpREoit) 
was obtained by 

(0 = (0 + CpC V (5) 

where Cp and C are cross- and autocovariance 
matrices for the detrended residuals. These matrices 
were calculated with a time dependent exponential 
covariance function 



For the 1992-2000 time period, 64545 hourly 
readings exist for the La Guaira tide gauge (Fig. 6a). 
In La Guaira, the sea level fluctuations are quasi- 
periodic. The Fourier power spectrum (Fig. 6b) 
shows most energetic fluctuations at diurnal, semi- 
diurnal, annual and semi-annual periods with 
amplitudes up to 9, 5, 7 and 6 cm, respectively. In 
August 1998, a change of the recording device 
(analog to digital) caused significant data losses and 
anomalous offsets (Fig. 6a). To reconstruct a 
consistent and continuous time series the registra- 
tion offsets were identified and repaired by the 
following procedure: 

The observed sea level heights hsiiO can be 
explained b 

ksL (0 = kfjARM (0 + V (^) 

where hnARMiO is a systematic part described by 
harmonic expansion of ocean tides and v are residu- 
als that account for errors of observations and 
unmodelled local effects (e.g. meteorological tides). 
hnARMit) can be estimated by 

145 r/^\ 

^HARM (t) = hQ+ \(t) + ^fk {t)H^Cos{(0^t + Lfe + Wfe (0 + ) 

k=\ 



Cit) = Coe-^^' (6) 

that was fitted to the empirical autocovariance 
function (see Fig. 6d). A correlation distance of 
about 3 days was obtained and the predicted sea 
level readings showed errors of ± 6 cm RMS. 

There was no evidence for a different precision 
of the two recording devices. Therefore, in the 
reconstruction both registrations were treated with 
the same weight (Acuna et al., 2002b). The 
restituted tide gauge series is displayed in the Fig. 
6e. A total of 5607 new readings were predicted. 
Level changes up to 55 cm have been corrected. 

Finally, the time series was filtered to daily mean 
values using a convolution filter of 119 points 
centered in the noon. This filter eliminates diurnal 
and semidiurnal frequencies. The time series with 
daily means is shown in Fig. 6f. The series has an 
RMS of ± 8 cm and a lineal trend of -9 ± 1 mm/year. 

The negative trend of the La Guaira tide gauge 
series was already observed by Acuna et al. (2002a, 
2002b). For monthly mean values they found a 
trend of -12 ± 5 mm/year for the period 1992-1999. 
Up to now there is no explanation for the significant 
negative trend. 
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BM GUA2 about 10 m apart. The 3 days of GPS 
observations were analysed with the Bernese v4.2 
software (Hugentobler et al., 2001) and precise 
ephemerides taken from IGS (International GPS 
Service). Observations at the IGS permanent 
stations MARA and CROl were processed jointly 
and their coordinates kept fixed. The position 
coordinates and the ellipsoidal height of the BM 
were obtained with errors of ± 2 and ± 3 cm, 
respectively. The results refer to the ITRF2000 
frame, epoch 2002.3. For comparison they were 
transformed to the ITRF97 frame, epoch 1997.0 
with parameters, provided by lERS at URL 

ftp://lareg.ensg.ign.fr/pub/itrf/lTRF.TP. 

The leveled height difference between BM and 
Po , a well documented constant, was then used to 
relate the official MSL 1953.1971 and the tide gauge 
data to a geocentric ellipsoid. 
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Fig. 6 Sea level time series by La Guaira tide gauge. 



3.4 Analysis of Altimetric Sea Level Time 
Series 

The corrected sea surface heights (CORSSH) refer 
to the ellipsoid of the TOPEX/Poseidon mission and 
the CSR95L01/95D02 reference frame (Nerem et 
al., 1998) and were transformed to the GRS80 
ellipsoid and the ITRF97 frame, epoch 1997.0, 
using the parameters published in (Ries et al., 1999). 
ITRF97 is consistent with the reference frame for 
EGM96 used as reference model for the LGGGM 
determination. The ocean tide corrections for 
CORSSH are based on the CSR3.0 model (Eanes, 
1994) and were replaced by the GOT00.2 model 
(Ray, 1999). 

After this preprocessing the CORSSH 
observations were split into following components 

CORSSH = N LGGGM + SSTops + SSTop^^ + v (7) 

where Nlgggm are the undulations of the local 
geoid. The stationary part of the sea surface 
topography, SSTops, was calculated as weighted 
mean value of the differences CORSSH-Nlgggm by 

^ LGGGM ) • (8) 

^^^ops - — 

with weights 



1 . 1 o 

The series was then referred to the 

^max 

ITRF97/GRS80 using the GPS and leveling 
measurements which link the tide gauge Pq with the 
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depending on the distance di to the tide gauge 
position. The dynamic sea surface topography 
(SSTopo), was modeled and extrapolated at the 
position and times of the daily tide gauge 
registrations using again LSC 

SSTopo^^ = ClC^^SSTopo (10) 

where 

SSTop^ = CORSSH - Ni^qqqj^ - SSTop^ (11) 

The Cp and C matrices were set up by a 2- 
dimensional covariance function 

C(d,t) = (12) 

depending on time t and distance d. The empiric 
and modelled covariance functions are shown in Fig. 
7b. The correlation lengths in time and distance are 
30 days and 117 km, respectively. 

All components of equation (7) were then used to 
evaluate the altimeter sea level time series at the 
tide gauge position. 

CORSSH JO = + SSTops^^ + SSTop^^^ (13) 

Fig. 7a shows the altimeter time series with 
11267 altimeter observations processed within 1° 
spherical distance from the tide gauge location. The 
model of equation (7) approximates the data with an 
RMS of ± 4 cm. 

In order to compare with the tide gauge data the 
altimetric time series was finally resampled to the 
same daily events generated for the tide gauge data. 
2662 values could be generated (see Fig. 7c). 

This final altimeter time series shows an RMS 
variation of ± 7 cm and a linear trend of +4 ± 1 
mm/year. The positive trend of the altimeter time 
series appears to be significant - although the 
annual rate of change depends to a certain extent on 
the different altimeter mission data used to generate 
the time series (see Table 4). Bosch et al. (2002) 
found a mean annual sea level change of +2 
mm/year, based on a rough estimate with TOPEX/- 
Poseidon altimeter data during the period 1993- 
2000. 

3.5 Absolute Comparison 

Both final geocentric time series, the tide gauge and 
the altimetric sea level data are shown together in 
Fig. 8a. For the period 1992-2000, the 
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Fig. 7 La Guaira sea level time series by multi-mission altimetry. 



Table 4. Impact of different altimeter data groups on the sea 



level trend estimate for the period 1992-2000. 


MISSION 


MSL 


TREND 




[ml 


[mm/year] 


T/P + ERSl + ERS2 


-18.74 ±0.07 


+4.1 ±0.7 


T/P + ERS2 


-18.74 ±0.07 


+3.4 ± 0.6 


T/P 


-18.75 ±0.07 


+2.7 ± 0.6 



two time series differ by an RMS of ±5 cm. There is 
a mean offset of only +3 cm with the altimeter time 
series being higher. The scatter plot in Fig. 8b 
illustrates the rather high correlation factor of 0.85. 
The large drift of +13 mm/year for the differences, 
shown in Fig. 8c, is mainly caused by the observed 
drift of the tide gauge data (Fig. 6f), but even 
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enlarged by the opposite sign of the secular change 
found for the altimetric data (Fig. 7c). 

The negative drift is remarkable and inconsistent 
with a secular rate of change of -0.6 ± 0.3 mm/year 
found by Acuna et al. (2002a) for six other tide 
gauges in the Caribbean Sea. Further investigations 
are required to identify the cause of the large 
negative drift in La Guaira. 

Fig. 9 shows differences between the local 
LGGGM geoid height, the EGM96 geoid height 
and various estimates of mean sea level at La 
Guaira. The differences to the mean sea level can 
be considered as estimates of the sea surface 
topography. 

Using the altimetric sea level trend estimate of 
+2.7 mm/year derived from TOPEX/Poseidon 
(Table 4, considered as most reliable), the mean sea 
level at La Guaira was developed back from 1996 
(mean of the period 1992-2000) to 1962 (the mean 
of the period 1953-1971). The 1962 altimetric mean 
sea level is then 10 cm below the LGGGM geoid, 
considered to be invariant with time. 

Without any epoch correction, the mean tide 
gauge registration for the period 1953-1971, 
referred to the geocentric system through GPS and 
leveling, is 8 cm below LGGGM. For the period 
1992-2000 the mean geocentric tide gauge 
registration is 4 cm below LGGGM. Vertical 
tectonic movements have not been taken into 
account. 

4 Conclusions 

During the period 1992-2000, the sea level time 
series estimated in La Guaira by multi-mission 
altimetry and tide gauge registrations show a good 
absolute agreement. The mean offset is only 3 cm 
and the differences have an RMS of ± 5 cm. The 
small numbers indicate the quality of the involved 
observations and verify the reliability of the applied 
procedure. The significant negative trend of -9 
mm/year for the La Guaira tide gauge registration, 
however, can not be explained. It could be due to 
both, a mechanical drift of the tide gauge sensor or 
a tectonic vertical. With the single GPS campaign it 
is, of course, not possible to identify and estimate 
any vertical tectonic movement at the tide gauge 
location. More GPS campaigns or, even better, a 
continuous GPS monitoring at the tide gauge would 
be required. 

The described method allowed to estimate the 
vertical displacement of the origin of the height 
system in Venezuela relative to a geoid with an 
error of several centimeters. 
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Fig. 8 Absolute comparison of sea level time series by altimetry 
and tide gauge registrations. 
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Fig. 9 Vertical displacements in La Guaira between geoids and 
various mean sea level estimates. 



The vertical displacements between a new 
precise local geoid, the LGGGM, and several 
estimates of mean sea level are only a few 
centimeters - the same order of magnitude as the 
errors of extrapolating the altimeter data towards 
the tide gauge position. Errors of the geoid model 
are even larger. This suggests that the sea surface 
topography in La Guaira reaches a magnitude of up 
to 10 cm and is not considered significant for the 
definition of the Venezuelan vertical datum. 

References 

Acuna, G., W. Bosch and B. Meisel (2002a). Correlation 
between Multi-Mission Altimeter Time Series and Tide Gauge 
Registrations in the Caribbean Sea, In lAG Symposium 124: 
Vertical Reference Systems, Springer- Verlag, pp. 231-237. 
Acuna, G., and W. Bosch (2002b). Improving the Comparison of 
Satellite Altimeter Observations and Tide Gauge Registrations, 



268 





Absolute Comparison of Satellite Altimetry and Tide Gauge Registrations in Venezuela 



Paper Presented at International Congress of Geodesy and 
Cartography: Caracas 2002, March 18-22. 

AVISO/Altimetry (1998). AVISO User Handbook, Corrected 
Sea Surface Heights (CORSSHs), AVI-NT-011-311-CN, 
Edition 3.1. 

Bosch, W., G. Acuna and R. Kaniuth (2002). Caribbean Sea 
Level Variability from TOPEX/POSEIDON Altimetry. In 
lAG Symposium 124: Vertical Reference Systems, Springer- 
Verlag, pp. 249-254. 

Carton, J., and Y. Chao (1999). Caribbean Sea Eddies Inferred 
from TOPEX/POSEIDON Altimetry and a 1/6° Atlantic 
Ocean Model Simulation, J Geophys Res, 104, pp. 7743-7752. 

Chambers, D., J. Ries, C. Shum and B. Tapley (1998). On the 
Use of Tide Gauges to Determine Altimeter Drift, J Geophys 
Res, 103, pp. 12885-12890. 

Christensen, E., et al. (1994). Calibration of 
TOPEX/POSEIDON at Platform Harvest, J Geophys Res, 99, 
pp. 24465-24485. 

Eanes, R. J. (1994). Diurnal and Semidiurnal Tides from 
TOPEX/POSEIDON Altimetry, Eos Trans. AGU, 75(16): 108. 

Forsberg, R., M. G. Sideris (1993). Geoid Computations by the 
Multi-Band Spherical EFT Approach, Manuscripta Geodaetica, 
18, pp. 82-90. 

Hoyer, M., E. Wildermann, G. Acuna, J. Hernandez, A. 
Nahmens and J. Velandia (2002a). Current Status of Geoid 
Calculation in Venezuela, lAG Symposium 124: Vertical 
Reference Systems, Springer- Verlag, pp. 182-186. 

Hoyer, M., E. Wildermann, G. Acuna, J. Hernandez, A. 
Nahmens and J. Velandia (2002b). Geoid Determination in 
Venezuela through Least Squares Collocation, Proceedings of 
International Congress of Geodesy and Cartography: Caracas 
2002, March 18-22. 

Hugentobler, U., S. Schaer and P. Fridez (2001). Bernese GPS 
Software Version 4.2, Astronomical Institute, University of 
Berne. 

Le Provost, C. (2001). Ocean Tides. In: Satellite Altimetry and 
Earth Sciences, International Geophysics Series, Volume 69, 
Academic Press, pp. 267-303. 

Lemoine, F., et al. (1997). The Development of the NASA GSFC 
and NIMA Joint Geopotential Model, lAG Symposium 117: 
Gravity, Geoid and Marine Geodesy, Springer- Verlag, pp. 
461-469. 

Mitchum, G. (1998). Monitoring the Stability of Satellite 
Altimeters with Tide Gauges, J Atmos Ocean Tech, 15, pp. 
721-730. 

Moritz, H. (1980). Advanced Physical Geodesy, Herbert 
Wichmann Verlag, Karlsruhe. 

Moritz, H. (1992). Geodetic Reference System 1980. In: 
Geodesist's Handbook, Bulletin Geodesique, 66, 2. 

Nerem, R., R. Eanes, J. Ries and G. Mitchum (1998). The Use of 
a Precise Reference Frame in Sea Level Change Studies, In: 
lAG Symposium 120, Towards an Integrated Global Geodetic 
Observing System (IGGOS), Springer-Verlag, pp. 8-12. 

Ray, R. D. (1999). A Global Ocean Tide Model From 
TOPEX/POSEIDON Altimetry: GOT99.2, NASA Technical 
Memorandum 209478. 

Ries, J., R. Eanes and R. Nerem (1999). The ITRF97 Reference 
Frame and its Effect on Sea Level Change Studies, 
TOPEX/POSEIDON and JASON- 1 Science Working Team 
1999 meeting, October 25-27. 

Sandwell, D., and H. Smith (1997). Marine Gravity from Geosat 
and ERS-1 Satellite Altimetry, J Geophys Res, 102, pp. 
10039-10054. 

Smith, D., and H. Small (1999). The CARIB97 High-Resolution 
Geoid Height Model for the Caribbean Sea, J Geod, 73, pp. 1- 
9. 

Smith, W., and D. Sandwell (1997). Global Seafloor Topography 
from Satellite Altimetry and Ship Depth Soundings, Science, 
277, pp. 1956-1961. 



Stanuner, D., R. Tokmakian, A. Semtner and C. Wunsch (1996). 
How Well Does a 1/4° Global Circulation Model Simulate 
Large-Scale Oceanic Observation, J Geophys Res, 101, pp. 
25779-25812. 

Tscheming, C., R. Forsberg and P. Knudsen (1992). Description 
of the GRAVSOFT Package for Geoid Determination, Proc. 
1st Continental Worshop on Geoid in Europe, Prague, pp. 
327-334. 

USGS, ed. (1997). GTOPO30 Digital Elevation Model, Sioux 
Falls, South Dakota, U.S. Geological Survey EROS Data 
Center. 



269 




Sea Level Changes Detected by Using Satellite 
Altimeter Data and Comparing with Tide Gauge 
Records in China Sea 



Zhengtao Wang Jiancheng Li Dingbo Chao 

School of Geodesy and Geomatics, Wuhan University 129 Luoyu Road, Wuhan 430079, China 
zhli@wtusm.edu.cn 



Jianguo Hu 

China Academy of Surveying and Mapping 16 Beitaiping Road, Beijing 100039, China 



Abstract. The Topex/Poseidon (cycles 9-249), 
Geosat/ERM and ERS-2 (cycles 0-44) altimeter data 
are used to analyze the sea level changes in China 
Sea. The sea level changes in studying areas derived 
respectively from TOPEX/Poseidon and ERS-2 data 
during the same period are almost coincident with 
each other. The results are compared with the tide 
gauge records at different sites of China Sea, and 
they indicate that the sea level change in China Sea 
appears to be a rising trend with 2~3 nun per year. 
Moreover, the trends of the seasonal sea level 
changes of this region are reverse to that of the 
global sea. We also investigate some possible 
implied relationships of local sea level changes to 
some anomalies of sea surface heights due to such 
as El Nino/La Nina phenomena in different time and 
spatial spans. 

Keywords. Sea-level change. Altimeter, Tide 
gauge 



1 Introduction 

The ocean is one of the important parts of global 
weather system. The variations of global mean sea 
level are one of the important indicators of global 
climate changes. It can directly affect global weather 
and long period climate evolvement. The sea level 
changes are caused by seasonal sea warming, 
colding, winds and all kinds of non-conservative 
forces which act on the sea level. 

Altimeter data of high spatial resolution and long 
period temporal coverage provide a broad band of 
information about sea level variation. The time 
sequence of sea level heights above a reference 
ellipsoid can be obtained from the altimeter data and 
they can give the analysis bases for global weather 
change and El Nino and La Nina events indicated 
by sea level changes. 



Since Kaula put forward altimeter technical 
conception in 1969, satellite altimeters have 
acquired numerous altimeter data during more than 
two decades, and the altimeter technical is 
becoming more maturity. The sequence of 15 years 
observation data of different satellites, including 
NOAA Geosat GM (1985.3-1986.9), ERM (1986.9- 

1989.12) , ERS-1 (1991.8-1996.4), ERS-2 (1995.4- 

2000.12) and T/P data from 1992.8 have widely 
been used in geophysical studies. 

Satellite altimeter has revolution fionized the 
mapping of the ocean surface of the Earth in terms 
of sampling frequency and observational accuracy 
(Yuchan Yi, 1995). Geosat data released in 1997 
have a observable amelioration in orbit 
determination by using the Doppler tracking data 
and JGM-3 gravity field model. Geosat orbit 
precision was improved from 2-3 meter reducing to 
0.1 meter. In despite of PRARE tracking system 
invalid, ERS-1’ s orbit precision still reaches 0.15 
meter, and ERS-2’ s one is better than 0.1 meter as 
well as T/P satellite’ orbit precision reaches 0.035 
meter because of a GPS receiver on board, equipped 
Laser retroreflector array (LRA) and double- 
frequency radar altimeter with the precision of 
0.032 meter. 

Altimeter can provide a dense time sequence of 
global sea surface height (SSH) observation with 
high repetition, which is new information useful for 
inspecting the temporal variation of SSH. In this 
study, three types of satellite data (T/P GDRs 
(cycles 9 to 249), ERS-2 GDRs(cycles 0 to 44) and 
complete Geosat/ERM will be used to analyse and 
investigate the global and local sea level changes. 

2 Mathematical Models 

2.1 Collinear Analyses 
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Altimeter satellite orbits were usually designed in 
repeated ones. Accordingly, the ground tracks on 
the Earth surface should be strictly repeated. 
However, because all kinds of non-gravitational 
perturbing forces such as air drag and solar radiation 
pressure act on satellites, the ground tracks of the 
corresponding repeat cycles don’t exactly coincide 
with each other, but they drift within a few 
kilometres wide. For most conditions, two adjacent 
tracks are nearly parallel arcs (see figure 1). In 
collinear analysis, we choose one track as a 
reference track to be fixed, and then determine the 
longitude and SSH of the same latitude point on 
other collinear arcs. 





yl = /Ip -D^{(Pp -(Pq)Icos(Pq (1) 

Where 

£»i = (;ip - Ag ) cos (pQ !{(pp - (pQ ) (2) 

For descending arcs, (see figure lb, i<90°), the 
interpolation formula of the longitude is 

X = Xp -D^{(pg -(pp)lco^(pg (3) 

Where 

D^={Ap~Aq)co%(Pq !{(Pq - cpp ) (4) 

In another conditions, i.e when inclination is larger 
than 90 degree (i>90°), the similar formula for 
interpolating the longitude are: 
for ascending arc 

X = Xp +D^(^p -^^)/cos^^ (5) 

= -Up -A q) cos /(<Pp - q>Q ) ( 6 ) 

and for descending arc 

A = Ap+D^((Pf^-(PQ)lc.o%(Pf^ (7) 



For ascending arcs (see figure la, here inclination 
i<90°), point O{cpo, ^o) is an observation point on the 
reference track, and 0’(^, 1) is the point with the 
same latitude of point O on a collinear arc. In 
generally, point O’ would not be an observation 
point on the track. Therefore, the sea surface height 
of point O’ should be computed using linear 
interpolation in terms of its two neighboring actual 
observation points P(^p, Ip) and Q((Pq, 

The longitude of O’ can be interpolated by 



D^=Up-^q)cos(PqI((Pp-(Pq) ( 8 ) 



After the position of the point 0’(^, X) is determined, 
its SSH can be calculated by the following linear 
interpolation formula. 



H=Hq+{Hp-Hq) 



i<Po-<Po) 

U>p-<Pq) 



(9) 



272 




Sea Level Changes using altimeter 

2.2 Inverse Barometer Correction 

Atmospheric pressure variations are the most 
important excitation sources of sea level changes. 

The Inverse Barometer solution depends 
approximately on the oceanic response to 
fluctuations in atmospheric pressure. 

The standard Inverse Barometer Correction IB is 
given by the equation: 



tide gauges in China 

30 r 
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Fig. 3 The Differences between IB and IB Versus the Repeated 
Cycles for ERS-2 Data 



IB = -10.1(P -1013 .3) (mm) (10) 

Where P is atmospheric pressure; 1013.3 mbar is 
standard atmosphere pressure. 

The equation (10) assumes that sea level changes 
are proportional to the difference between real-time 
atmosphere pressure and standard atmosphere 
pressure. 

Rapp (1994) suggested that standard atmosphere 
pressure should be replaced by average atmosphere 
pressure of one cycle, so 

1b = -\0 A{P -P) (11) 

Where P is average atmosphere of one cycle. 

The differences between IB computed eq.(lO) and 
IB computed by eq.(ll) are -5mm to 47mm for 
T/P data, -6mm to 26mm for ERS-2 data and - 
25mm to 36mm for Geosat/ERM data respectively. 
Figure 2, 3, 4 show the performance of the 
differences versus cycles for T/P, ERS-2 and 
Geosat/ERM respectively. In the figures, the largest 
differences are plotted as a thick solid line and the 
minimum differences are plotted as a thin broken 
line. 
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Fig. 2 The Differences between IB and IB Versus the Repeated 
Cycles for T/P Data 
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Fig. 4 The Differences between IB and IB Versus the Repeated 
Cycles for Geosat/ERM Data 



2.3 Computation of Sea Level Change 

The altimeter observation of the instantaneous sea 
surface height /z" above a reference ellipsoid 
surface is described in terms of the geoid heights , 
the stationary sea surface topography Co? the 
temporal variation of sea surface topography C and 
the altimeteric error s by 

= A+Co+C + ^ (12) 

We assume that the geoid height and the stationary 
sea surface topography do not change with time, 
and sea level changes only have a few centimeters 
order of magnitude. Hence, Mean Sea level 
Variation (MSLV) can be detected from altimeteric 
data after eliminating mean sea level affection in sea 
height through collinear analyses. 

The computation of MSLV along collinear tracks is 
performed in a collinear analysis for each set of 
collinear tracks using the following procedure: 

1. A set of reference tracks called collinear datum 
tracks determined by more observations and 
higher precision are determined. They can 
represent the repeated tracks of satellite. 

2. Sea surface height, longitude are interpolated at 
the same latitude of other cycle collinear tracks 
relative to reference tracks using collinear 
analysis equations (l)-(9) and farther sea level 
change are computed. 
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3. MSLVs of month, season and year in different 
area are computed using the computed sea level 
height and change values in a collinear analysis. 

2.4 Tide Gauge Records Processing 

Annual tide gauge records of 29 stations along the 
coastal of China covering the past 50 years (1950- 
1999) are used in this study. An annual sea level 
changes around a tide station can be obtained by 
subtracting the mean value of the annual MSLs of 
50 years from the annual MSL of each year over the 
local area of the station, and the results for 6 
stations (Tanggu, Yantai, Xiamen, Beihai, 
Lianyungang, Kanmen) are shown in figure 5. The 
annual mean sea level variations of the whole China 
sea are can then be computed by subtracting the 
MSL of 50 years of all stations from the MSL of 
each year of the area, and the results are shown in 
figure 6. The expression of annual MSLV is as 
follows 



MSLV, = 









/ m 



(13) 



Where a(i,j) is the real tide record (annual MSL), 
and i denotes year as well as j stands for tide station. 
Here n=50 and m=29. 
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Fig. 5 Annual Sea Level Variations Determined from Tide 
Records in Different Station Areas 
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Fig. 6 Annual Sea Level Variations Determined from Tide 
Records of 29 Stations in China Sea 



3 Altimeter Data Description and 
Editing 

The Geosat/ERM of 17-day repeat data which 
released in 1997 are used for this study. This data 
set of GDR data based on the newest JGM-3 orbits 
distributed by NOAA. The corrections for the solid 
earth tide, the ocean tide, wet tropospheric 
component and dry tropospheric component were 
applied to the SSHs data. 

The editing (deleting) criteria of Geosat/ERM 
data were devised with reference to the OSU 
recommend data editing criteria, and one-per- 
second SSH data sampling points of individual 
Geosat GDR cycles were 
edited using the following criteria: 

a. a <0 ora>10cm. Standard deviation from a 
linear fit to the 10 per second SSH values used 
to compute one-per-second SSH; 

b. SWH<-0.5m or SWH>1.0m; 

c. Standard deviation of SWH<0. Im; 

d. Attitude angle >1.3 degree ; 

e. Ocean tide correction exceeds Im 

f. Any of flag bit 2, 3, 4, 5, 6, 7, 8=1 ; 

g. Flag bit 0=0 and SSH=0; 

h. Maximum difference between 10 per second 
and one-per-second SSH exceeds Im; 

i. The difference between SSH after correcting 
and mean SSH of OSU95 exceeds Im. 

All standard geophysical correction applied come 
from handbook (NOAA, 1997) except for electro- 
magnetism departure corrections in which 2% of 
SWH was adopted (Cheney, et. Al, 1987, Denker 
and Rapp, 1990). The IB correction with respect to 
an average atmosphere pressure of each cycle was 
applied to the SSH data. 

The Topex/Poseidon data used in this study were 
obtained from the newest third version GDR of 
AVISO. The editing deleting criteria were taken 
from handbook of AVISO and that of OSU (Rapp, 
1994) and they are as follows: 
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a. lAI > 1, where A is the difference between the 
corrected SSH and Mean SSH of OSU95, and 
SWH>9m; 

b. 3< lAI <5m and SWH_RMS > 4m; 

c. lAI > 5m. 

The geophysical corrections include dry 
tropospheric, wet troposphric, ionospheric 
correction, oceanic state (kl) correction and ocean 
tide (CSR3.0 model), solid tide and pole tide 
correction. 

In the ERS-2 editing procedure, a data point will be 
deleted under the following conditions according to 
its handbook: 

a. Manoeuvre flag; 

b. Radiometer land flag; 

c. Ice flag; 

d. SSH> 100m or SSH< -130m; 

e. Number of 20-Hz measurements< 10; 

f. Standard deviation on 20-Hz measurements< 0 
or > 450cm; 

g. Dry tropospheric correction< -2500mm or 
> -1900mm; 

h. Radiometer wet tropospheric correction 
< -500mm or > -1mm; 

i. Ionospheric correction < -200mm or > -1mm; 

j . S WH<0 or > 1 Om; 

k. Sigma naught <6dB or >30dB; 

l. Ocean tide correction <-5000mm or >5000mm; 

m. Solid earth tide correction < -1000mm or 
> lOOOnun. 

Using the above criteria, not only useless data over 
land, ice or larger inland lakes but also the data 
containing the gross errors of altimeteric 
measurements are deleted. In other words, these 
criteria and all types of geophysical corrections 
applied in data editing an processing will assume all 
data to be used with higher qualities, i.e, higher 
accuracy and reliability. 

4 Results and Analysis 

In order to study the annual MSLV of global and 
China sea and adjacent sea areas (0°N~40°N, 
100°E~145°E). We made the respective collinear 
analysis processing for the repeated track altimeter 
data of per year including T/P data starting with the 
eleventh cycle, Geosat/ERM starting with the forth 
cycle. Fig. 7 and 8 show the analysing results of the 
annual MSLV. For studying the seasonal MSLV, 
the collinear analysises are made for T/P data of 
every 10 segment cycles, ERS-2 data of every 3 
segment cycles and Geosat data of every 6 segment 
cycles. Consequently, the global and local MSLVs 
are detected, and the results are shown in Fig. 9 
-Fig. 15 below. 



Fig. 7 and Fig. 8 indicate the MSLVs trends of 
China sea and global ocean determined using 5 
years (1993-1998) T/P data, which show that the 
trends of each year of China sea would be different 
from that of global ocean, and also show that the 
trend of each year is not consistent with each other 
for both China sea and global ocean. From Fig. 7, it 
indicates that the sea level change in China Sea 
appears to be a rising trend with 2-3 mm per year. 
China sea and global ocean appear to have the same 
MSLV trends during 1993-1996, while they have 
the inverse MSLV trends during 1997-1998, i.e, the 
sea level of China Sea was rising, and that of global 
ocean was falling within these two years. 

Fig. 9 and Fig. 10 show that the seasonal MSLVs 
implied by T/P and ERS-2 data respectively have 
almost the same trends during the same period, that 
is, the sea level appears to rise in the first and last 
seasons of each year, while to fall in the second and 
third seasons in China sea, especially, the amounts 
of the third and forth MSLVs are very close to each 
other. 

From Fig. 11-13, they show that the trend of the 
global sea level changes have an apparent 
correlation with seasonal alternation, i.e, it is rising 
during the first and last seasons of each year, and 
falling during the second and third seasons, 
especially, the falling trend is very significant in the 
second season. To testify whether it is correct or not 
to determine sea level variation by satellite altimeter, 
this paper uses the data of tide stations for an 
external check. The results calculated by satellite 
altimeter data are compared with those resulting 
from the data of tide stations and it shows that the 
trends of both results are in complete consistence. 

In the offing of China, the sea level falls in spring 
and winter and rises in summer and autumn with 
distinct regularity. It turns out that using satellite 
altimeter data to analyse the long-term variation of 
sea level is a low-cost and effective method. 

Finally, to investigate the correlative relation 
between the abnormal variation of sea level and El 
Nino and La Nina phenomena, we analysed the sea 
level variation of east equator Pacific using 
altimeter data. When El Nino and La Nina 
phenomena occur in 1992-1993 and in 1997-1998, 
as shown in Fig. 14-16, the phases of MSLVs are 
reverse to those of the offing of China (west equator 
Pacific area). In east Pacific, the sea level rises in 
spring and winter and falls in summer and autumn. 
These facts would be the possible characteristics of 
El Nino and La Nina events. 
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Fig. 8 Annual MSLVs (m) of Global Sea from T/P 




Fig. 9 Seasonal MSLVs (m) of China Sea from T/P 




Fig. 10 Seasonal MSLVs (m) of China Sea from ERS-2 




Fig. 11 Seasonal MSLVs (m) of Global Sea from T/P 




Fig. 12 Seasonal MSLVs (m) of Global Sea from ERS2 




Fig. 13 Seasonal MSLVs (m) of Global Sea from Geosat/ERM 




Fig. 14 Monthly MSLVs (m) of Eastern Equatorial from ERS 




Fig. 15 Monthly MSLVs (m) of Eastern Equatorial from T/P 




Fig. 16 Monthly MSLVs (m) of China Sea from T/P 
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